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ABSTRACT
This dissertation describes the use of Drosophila neuroblasts (NBs) to model human
ribosomopathies; the overall goal is to understand why specific stem cell and progenitor
cell populations are the primary targets in nucleolar stress as seen in the
ribosomopathies. Chapter 1 provides an overview of relevant literature. Chapter 2
describes nucleolar stress in Drosophila neuroblasts as a model for human
ribosomopathies. For this, we induce nucleolar stress by using the UAS-GAL4 system
to express RNAi that depletes Nopp140 transcripts, and we also employ homozygous,
CRISPR-Cas9-generated Nopp140 gene disruptions with a systemic null phenotype
(Nopp140-/-). Embryonic lethality was observed under RNAi depletion of Nopp140 as
well as homozygous and heterozygous Nopp140 disruption. Larval lethality occurred at
the second instar stage in Nopp140-/- line, similar to the previously generated complete
Nopp140 deletion line, KO121. Larval brain development was severely impaired in
Nopp140-/- larvae and in larvae that expressed neuron-specific RNAi that depletes
Nopp140. The hypoplastic brain phenotype was due to reduction in NB populations as
well as the proliferative capacity of the dividing NBs. While the majority of NB lineages
in wild-type brains are at S-phase and proliferative at day 3 after larval hatching as
indicated by EdU labeling assay, only the Mushroom Body (MB) NBs are at S-phase
and proliferative in the Nopp140-/- larval brain. Furthermore, these MB NBs retained
fibrillarin within their nucleoli, while fibrillarin redistributed to the nucleoplasm in the
surrounding cells. Hence, we conclude that MB NBs are more resilient to nucleolar
stress induced by the loss of Nopp140 compared to other neuroblast lineages. This
finding strengthens the use of Drosophila neuroblasts as a model for the human

ix

ribosomopathies, and we hypothesize that different neuroblast lineages respond
variably to nucleolar stress. Chapter 3 describes repeat polymorphisms in the Nopp140
gene that result in two Nopp140 alleles, Nopp140-Long and Nopp140-Short, that differ
by exactly 96 bps within the central domain. We provide evidence showing preferential
amplification of the Nopp140-Long allele compared to that of the Nopp140-Short allele,
which we determined to be a PCR artefact, for reasons that remain unknown. Chapter 4
closes with conclusions and future studies.
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CHAPTER 1. LITERATURE REVIEW
1.1 Introduction
The eukaryotic nucleolus is a dynamic, tri-partite, sub-nuclear compartment
where ribosome biogenesis occurs. When it was first observed around 200 years ago
and later realized as a ribosome production site in the 1960s, the “plurifunctional” nature
of this sub-nuclear compartment was nowhere in the horizon. As of today, the role of
nucleolus has expanded well beyond ribosome biosynthesis into the realms of genome
integrity maintenance, DNA damage responses, and cell cycle progression.
Furthermore, studies have shown involvement of nucleoli in processing and transport of
specific RNAs such as c-myc mRNA, signal recognition particle RNA, telomerase RNA,
the U6 snRNA, the RNase P RNA (reviewed in Pederson 1998), and regulatory RNAs
such as siRNA and microRNA (Kalinina et al. 2018). Most widely reported is stress
sensing capability of nucleoli (Mayer and Grummt 2005, Biosvert et al. 2007, Zhang and
Lu 2009, Boulon et al. 2010, Picart and Pontvianne 2017). Overall, advances over the
past two decades have led today’s scientific community to embrace the non-canonical
or non-ribosomal functions of the nucleolus to further explore its multifunctional nature.
The process of ribosome production within the nucleolus is intricate, and it
involves coordinated activity of many factors. Any perturbation of this complex process
can lead to failure in ribosome biogenesis and function, which ultimately causes
disruption of cell homeostasis; this is known as “nucleolar stress” (reviewed in Hein et
al. 2013, Drygin et al. 2013, Vlatković et al. 2013, Grummt 2013, Montanaro et al. 2013,
Parlato and Kreiner 2013, Quin et al. 2014, Golomb et al. 2014, Tsai and Pederson,
2014, Yang et al. 2018). Since the canonical nucleolar function (ribosome biosynthesis)
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demands high cellular energy and extensive biosynthetic activity, the nucleolus itself is
a stress sensor that responds to cellular stress signals.
Recent studies have linked the nucleolus with an array of diseases that include
cancer, neurodevelopmental syndromes, and neurodegenerative diseases (Boisvert et
al. 2007, Iacono et al. 2008, Montanaro et al. 2008, Hetman and Pietrzak 2012, Tsai
and Pederson 2014, Kalinina et al. 2018, Nunez Villacis et al. 2018, Yang et al. 2018).
We are interested in a collection of human genetic disorders known as ribosomopathies
that are caused specifically by impaired ribosome biogenesis and function, and each
has a defined set of clinical phenotypes (Narla and Ebert 2010; Nakhoul et al. 2014). A
hallmark of these disorders is that in each ribosomopathy only a specific population of
stem/progenitor cells is targeted and lost via cell death, which is what contributes to the
specific clinical phenotypes. Our aim is to understand the underlying cellular and
molecular mechanisms that render a specific stem/progenitor cell population more
sensitive to nucleolar stress than other stem/progenitor cell types. For this purpose, we
propose the fruitfly, Drosophila melanogaster, as a model system to study human
ribosomopathies by inducing nucleolar stress in Drosophila larval stage neuroblasts. We
predict different neuroblast lineages will show differential sensitivities to nucleolar
stress. Presented here are recent findings pertaining to nucleolar biology, nucleolar
stress and its connection to various human conditions, and validate the relevance of
Drosophila larval neural system, a powerful research tool, in studying nucleolar stress.
1.2 Nucleolus and Ribosome Biogenesis
Through their independent works, Heitz and McClintock were the first to describe
discrete chromosomal loci known as nucleolar organizers (NORs). These are secondary
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constrictions on the mitotic chromosomes that physically form nucleoli as cells enter
interphase (Heitz 1933, McClintock 1934). Three decades after this monumental finding,
the NORs were shown to contain tandemly repeated rDNA genes through the
localization of DNA that is complementary to the rRNA at the NORs (Ritossa and
Speigelman 1965). Furthermore, the differential replication of NORs in Xenopus and
Bufo oocytes correlated with an enrichment in ribosomal genes (Gall 1967). Around the
same period, Perry and his group had shown that the nucleolus is the site of rRNA
synthesis (Perry et al. 1961), and similar observations were made by Brown and
Gurdon in their classical experiment using anucleoate Xenopus embryo in which
ribosome biosynthesis did not occur, thereby revealing ribosome biosynthesis as a
primary function of the nucleolus (Brown and Gurdon 1964). Worth mentioning here is
Oscar Miller and Barbara Beatty’s famous electron microscopic spreads of actively
transcribing rDNA repeat units that show pre-rRNA transcripts being transcribed at
various points along each rDNA unit (Miller and Beatty 1969). This micrograph elegantly
gathered the major findings of the decade, and it was indeed a picture that was worth a
thousand words. Since then, detailed mechanisms that underlie the ribosome
biogenesis pathway have been identified giving us a better understanding of the
nucleolar biology (Hadijolov 1985, Olson 2004, Olson 2011).
A typical nucleolus is a membrane-less organelle consisting of three ultrastructural sub-regions: the fibrillar center (FC), the dense fibrillar component (DFC), and
the granular component (GC) as seen under a transmission electron microscope (Fig
1.1 A). It is the site of ribosome biogenesis where RNA polymerase I (RNA Pol I)
assembly of ribosome subunits occur mostly within the DFC, which gradually transitions
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Fig 1.1. Nucleolus and ribosome biogenesis in metazoans. Electron micrograph of
nucleolus in HeLa cells is provided which shows its tripartite nature. The ultrastructural
organization of the nucleolus consists of three sub-compartments: the fibrillar center
(FC), the dense fibrillar component (DFC), and the granular component (GC). Bar, 0.5
µm (Image from Sirri et al. 2002). Ribosome biogenesis is the result of a series of
complex steps that involves cleavages, processing, and modifications of pre-rRNA.
RNA Polymerase I (Pol I) synthesizes pre-rRNA by transcribing the rDNA repeats at the
borders of the FC and DFC. After ribosomal proteins are loaded to the mature rRNAs,
the large and small ribosomal subunits (LSU and SSU) are assembled in the GC,
wherein 5S rRNA synthesized by RNA Pol III outside of the nucleolus is also
incorporated. The LSU and SSU are exported out of the nucleolus which is mediated by
nucleostemin 1 and 2 (NS1 and NS2). Finally, they assemble into a functional ribosome
in the cytoplasm where the ribosome translates mRNA molecules to make polypeptides.
Ribosomopathies (asterisks) are a collection of human disorders caused by mutations in
ribosomal biogenesis factors or ribosomal proteins; these mutations ultimately perturb
ribosome biogenesis. A few well studied ribosomopathies are indicated at the specific
steps of the ribosome biogenesis pathway that are disrupted in the affected individuals.
Diamond Blackfan Anemia (DBA); TCS (Treacher Collins Syndrome); SDS
(Shwachman Diamond syndrome); DC (Dyskeratosis Congenita), CHH (Cartilage Hair
Hypoplasia), 5q-syndrome. (Adapted from Boamah et al. 2012).
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synthesizes pre-ribosomal RNA (pre-rRNA) from tandemly repeated ribosomal DNA
(rDNA) genes on the boarders between the FC and the DFC. Pre-rRNA processing and
into the GC where RNP granules assemble into ribosomal subunits (reviewed in Raška
et al. 2006). The pre-rRNA (47S in mammals, 38S in Drosophila, 35S in yeast)
undergoes cleavage and multistep processing by ~270 proteins and ~200 small
nucleolar ribonucleic acids (snoRNAs) to generate 18S, 5.8S, and 28S rRNAs. In
addition, ~200 chemical modifications guided by box C/D snoRNAs (2’-O-methylation)
and box H/ACA snoRNAs (pseudouridylation) occur during processing steps (Wang et
al. 2002, Yang et al. 2000, reviewed by Bachellerie et al. 2002). Simultaneously, RNA
polymerase III transcribes 5S rDNA which occur as tandem repeats outside the
nucleolus in metazoans (Vierna et al. 2013). In humans, 5S rDNA clusters are found on
a single site on chromosome 1, whereas majority of the 5S rDNA clusters in Xenopus
laevis are found on the telomeres of the chromosome 18. In yeast, the 5S rDNA reside
in the intergenic regions of the nucleolar rDNA units (French et al. 2008). Finally, the
mature 18S rRNA is then assembled with 32 ribosomal proteins into the small ribosomal
subunit (SSU), and the mature 28S, 5.8S, and 5S rRNAs are assembled with 46
ribosomal proteins into the large ribosomal subunit (LSU) (Lecompte et al. 2002). The
LSU and SSU are exported out of the nucleus and into the cytoplasm where the two
subunits form a functional ribosome that then translates mRNA and synthesizes
polypeptides (summarized in Fig 1.1 B). Overall, the process of making ribosome is
multi-step, complex, and highly energy intensive; approximately 60% of total
transcription is devoted to rRNA synthesis, and around 2000 ribosomes are assembled
per minute in an actively growing yeast cell (Warner 1999).
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1.3 Nucleolar Stress
1.3.1 Nucleolus as a Stress Sensor
Beginning in the 1990s, evidence for the accumulation of transcripts other than
rRNAs (the signal recognition particle RNA, telomerase RNA, and the U6 RNA) within
the nucleolus surfaced, and this led researchers to consider the possibility that this
organelle may have functions that are not related to its canonical and well-accepted role
as the site of ribosome biogenesis (reviewed in Pederson 1998). In the past two
decades, a growing number of studies have emerged supporting the hypothesis that the
nucleolus is in fact a multifunctional sub-nuclear organelle (Boisvert et al. 2007,
Pederson and Tsai 2009, Warner and McIntosh, 2009, Villacís et al. 2018). Notably,
nuclear proteomic studies by Andersen (2005) and Scherl (2002) provided unexpected
evidence that the nucleolus was a reservoir of several non-ribosomal proteins. Recent
mass spectrometry studies have expanded the list of identified nucleolar protein to over
4500, and remarkably, only 30% of these proteins had a clear connection to ribosome
biogenesis (Ahmad et al. 2009, Boulon et al. 2010). More surprising than this was the
diversity of the functions of these proteins. The list of ontological categories determined
from these proteomic studies for these non-ribosomal nucleolar proteins included cell
cycle and proliferation, cell death, telomere metabolism, chromatin structure, mRNA
metabolism, translation, chaperones, fibrous proteins, RNA post-translational
modification, energy production, and DNA replication and repair. Further proteomic
studies revealed the dynamic nature of nucleolar protein and a complex reorganization
of nucleolar proteins in response to stress stimuli such as actinomycin D-mediated
inhibition of Pol I transcription, DNA damage, and viral infection (Andersen et al. 2005,
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Cohen et al. 2008, Boisvert et al. 2010, Boisvert and Lamond 2010, Emmott et al. 2010,
Lam et al. 2010). These findings boosted investigations aimed at uncovering noncanonical roles of the nucleolus. The first role that was identified was the ability of the
nucleolus to act as a stress sensor. Most notably, a clear link between nucleolus and
cellular stress was established following studies that showed the nucleolus’s
participation in regulating p53 protein levels (Budde and Grummt 1999, Pestov et al.
2001, Rubbi and Milner 2003).
Ribosome biogenesis is an energy consuming process. As much as 80% of cell’s
total energy is invested into making ribosomes (Thomas, 2000). There is even a higher
demand for rapid ribosome synthesis in rapidly dividing cells such as stem cells or in
cells with high levels of protein synthesis such as neurons. Moreover, the plethora of
proteins and rRNA molecules needed to construct ribosomes and other crucial factors
that work in a tightly coordinated fashion during processing, modification, assembly, and
transport of ribosome subunits is extensive. Therefore, it is not surprising that any cell
stressors that disturb this closely regulated pathway can lead to morphological and
functional impairment of the nucleolus, and an eventual shutdown of rRNA transcription
(Grummt 2013). For example, in human cell lines, heat shock and hypoxia (Rubbi and
Milner 2003) induce p53 activation by disrupting different steps of ribosome biogenesis
pathway and exposure to genotoxic agents such as doxorubicin (blocks topoisomerase
2). Likewise, low levels of Actinomycin D (ActD) can inhibit rRNA transcription and result
in structural changes to the nucleolus such as segregation of nucleolar components into
nucleolar caps (Shav-Tal et al. 2005, Boulon et al. 2010). However, other milder
stresses that disrupt ribosome biogenesis such as depletion of 40s RpS6 may not
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noticeably alter nucleolar morphology (Fumagalli et al. 2009). All in all, the loss of
overall nucleolar integrity and ribosome biogenesis failure leads to cell cycle arrest and
apoptosis, which is described as nucleolar stress. Lack of functional ribosomal proteins
perturbs either early pre-rRNA processing and modification steps, or ribosome
assembly later in the biogenesis pathway. This is known as ribosomal stress which is
consequentially synonymous with nucleolar stress because this too disrupts cellular
homeostasis through disruption of nucleolar morphology and/or function. Hence,
ribosomal stress can be considered to fall within the broader definition of nucleolar
stress.
Nucleolar stress can be induced by disrupting any of the steps involved in
ribosome biogenesis, from Pol I transcription initiation and elongation to pre-rRNA
processing and modification, to ribosome assembly, maturation, and eventual release
from the granular center of nucleolus (Fig 1.1 B). Various environmental insults and
chemical agents can induce nucleolar stress which then activates a series of
downstream stress response pathways, thereby validating the role of the nucleolus as a
stress sensor. For instance, Tsang et al. (2003) observed attenuation of rRNA
transcription and subsequent reduction in ribosome subunit production upon
mammalian target of rapamycin (mTOR) inactivation either by nutrient deprivation or
treating cells with the mTOR inhibitor, rapamycin. They showed that upon inhibiting
mTOR in yeast, RNA Pol I redistributed to the nucleoplasm, thereby blocking rRNA
transcription; this was mediated by deacetylation of H4K5 and H4K12 specifically in
rDNA as Rpd3-Sin3 (histone deacetylase complex) rapidly associated with rDNA. In
fact, mTOR kinase promotes pre-rRNA synthesis in response to extracellular stimuli by
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regulating TIF-1A, SL1, and UBF localization and/or activity (Mayer and Grummt 2006,
Xiao and Grove 2009). A decrease in rRNA transcription upon hypoxia has been
reported, and this occurs via a process requiring rDNA promoter interaction with the von
Hippel-Lindau (vHL) tumor suppressor protein interaction (Mekhail et al. 2006).
Likewise, in mouse embryonic fibroblasts, DNA damage such as double-strand breaks
caused by UV irradiation, interferes with initiation complex assembly and transcription
elongation in an ATM (ataxia telangiectasia-mutated)-dependent manner (Kruhlak et al.
2007); hence, RNA Pol I activity reduces. ATM is a key regulator of signaling following
DSBs and is required for efficient and accurate DNA repair. Viral infection can also alter
RNA Pol I activity such that rRNA transcription either increases (example: hepatitis C
(Kao et al. 2004)) or decreases (example: poliovirus (Banerjee et al. 2005)).
1.3.2 p53-dependent Nucleolar Stress
p53 is an important tumor-suppressor protein that responds to stress stimuli such
as DNA damage, hypoxia, starvation, and activation of oncogenes by inducing cell-cycle
arrest and/or apoptosis depending upon the severity of the stimuli (Vousden and Lane
2007). In unstressed vertebrate cells, p53 is kept at low levels through the activity of
p53’s E3 ubiquitin ligase, murine double minute 2 (MDM2; HDM2 in human) (Michael
and Oren 2003). While p53 positively regulates the transcription of the MDM2 gene,
MDM2 ubiquitylates p53 targeting it for nuclear export and proteasome-mediated
degradation allowing the cell to continue normal growth and proliferation (Haupt et al.
1997, Honda et al. 1997, Freedman and Levine 1998). Stabilization of p53 levels occurs
when MDM2 interaction with p53 is impaired as a result of post-translational
modifications such as acetylation (Gu and Roeder 1997, Brooks and Gu 2011) and
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phosphorylation (Meek 1998, Ashcroft et al. 1999) of p53 as well as MDM2. Besides the
post-translational modifications of p53, p53-MDM2 interaction can be directly prevented
by binding of MDM2 with regulatory proteins (Fig 1.2). Ultimately, the stabilization of p53
facilitates its tetramerization and subsequent binding to responsive elements within the
DNA. This elicits stress response genes that then regulate cell cycle arrest (Lindström
et al. 2008), differentiation (Liu et al. 2006), senescence (Drygin et al. 2009, Drygin et
al. 2011), and apoptosis (Morgado-Palacin et al. 2012). The response depends upon
the severity of the stress imposed ranging from growth arrest under mild DNA damage
to cellular senescence or apoptosis under severe damage.
Although DNA damage has long been linked to p53 activation (Meek 2009), an
entirely new concept was proposed in a simple but seminal study by Rubbi and Milner
(2003). They showed that DNA damage of nuclear DNA using localized UV irradiation
failed to activate p53 when the nucleolus remained intact as indicated by proper
localization of nucleophosmin/B23 (NPM1). In fact, disrupting the nucleolar integrity by
microinjecting an antibody against Upstream Binding Factor (UBF) that blocked RNA
Pol I transcription led to p53 activation even in the absence of any nuclear DNA
damage. This led them to the conclusion that DNA damage does not cause p53
activation directly, and that disrupting nucleolar integrity is a requirement for p53
activation. Subsequently, Pestov and colleagues (Pestov et al. 2001) showed that
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Fig 1.2. Regulation of p53 during normal and nucleolar stress conditions. A) During
normal, non-stressed conditions, the E3 ubiquitin ligase MDM2 associates with p53,
promoting p53’s degradation. Nucleophosmin (NPM) and ARF are located in the
nucleolus. B) During nucleolar stress, normal ribosome biogenesis and function are
perturbed. The association between MDM2 and p53 is disrupted; additional proteins
such as ribosomal proteins (RpL5, RpL11) with the 5S rRNA, Arf, and NPM can
associate with MDM2. p53 is stabilized and activates the cell cycle inhibitor p21 and
other p53-responsive genes. These events lead to cell cycle arrest and apoptosis.
(Adapted from James et al. 2014)
blocking rRNA processing by expressing a dominant negative form of Bop1, an rRNA
maturation factor, activated p53-dependent growth arrest. Indeed, upon nucleolar
stress, nucleolar proteins that include ribosome assembly factors are released into the
nucleoplasm, and disruption of the ribosome biogenesis pathway leads to accumulation
of unused ribosomal proteins (reviewed in James et al. 2014). These nucleolar proteins
and ribosomal proteins are then capable of acting as stress response effectors (Rubbi
and Milner 2003). Several of them including the 5S rRNA (Sloan et al. 2013, Donati et
al. 2013) have been shown to bind and block MDM2 activity resulting in p53
stabilization.
Among the several modulator proteins that block MDM2 and elicit p53-dependent
stress response is Arf (alternative reading frame protein, p19Arf in mouse, p14Arf in
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humans) (Weber et al. 1999) (Fig 1.2). Arf is a tumor suppressor protein that normally
localizes to nucleoli in non-stressed cells (Lindström et al. 2000). It physically interacts
with ribosomal proteins RpL11, and it is also involved in 47S rRNA transcription and
32S processing (Bertwistle et al. 2004). Studies indicate that upon nucleolar stress, Arf
is released into the nucleoplasm where it binds MDM2 at the central acidic domain to
inhibit p53 degradation (Llanos et al. 2001). Other reports suggest that an already
present nucleoplasmic fraction of Arf interacts with MDM2 under stressed conditions
(Llanos et al. 2001, Sherr 2006). Yet another study in U20S cells showed that nucleolar
Arf did not translocate into the nucleoplasm following Actinomycin D treatment, while
nucleophosmin 1 (NPM1) did under the same conditions (Yang et al. 2016). It is
possible that Arf’s translocation and activity could be context-dependent upon nucleolar
stress. In any case, Arf binding to MDM2 essentially prevents
MDM2 folding such that the carboxy RING finger of MDM2 is no longer able to interact
with p53 bound at the N-terminus of MDM2 (Fig 1.3). At the same time, Arf binding also
sequesters MDM2 within the nucleoli resulting in p53 stabilization (Weber et al. 1999,
Llanos et al. 2001). While oncogenic stresses such as overexpression of Myc was
shown to act via Arf and result in p53-dependent apoptosis or block cell cycle
progression (Zindy et al. 1998), other reports identified an Arf-independent tumor
suppression pathway that led to nucleolar stress-induced p53 accumulation (Macias et
al. 2010).
Another critical regulator of nucleolar stress response is NPM1, one of the most
abundant nucleolar proteins with diverse and complex functions (Yung et al. 1992, Yip
et al. 2011). NPM1 is a nucleolar endoribonuclease necessary for cleavage of ITS1
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Fig 1.3. MDM2 and p53 Regulation. MDM2 has three main functional domains: an Nterminal p53-binding domain, a central acidic region, and a carboxy RING finger, which
has E3 ubiquitin ligase activity. A) MDM2 folds such that the carboxy RING finger
domain interacts with p53 bound at MDM2’s N-terminus. p53 is then ubiquitinylated and
targeted for degradation. B) Protein folding is prevented when certain proteins such as
ARF, Nucleostemin (NS), or other ribosomal proteins bind to the phosphorylated central
domain of MDM2. This results in stabilization and accumulation of p53 levels. (Adapted
from James et al. 2014)
(Savkur and Olson 1998), and it can dynamically shuttle between the nucleoli and the
nucleoplasm or the cytoplasm as well (Yung et al. 1985, Yu et al. 2006). NPM1 is also a
histone chaperone that participates in DNA double-strand break repair by nucleotideexcision repair following UV irradiation (We et al. 2002), and NPM1 helps maintain
genomic homeostasis (Yip et al. 2011). It is capable of blocking apoptosis by inhibiting
hypoxia-induced p53 phosphorylation and therefore promoting cell survival as shown by
Li et al. (2004) in hypoxia-induced stressed cells. As such, overexpression of NPM1 has
been linked to anaplastic large-cell lymphoma, leukemia, and an array of solid cancers
(Box et al. 2016). NPM1 is also known to interact with a wide range of cellular
components such as the Retinoblastoma protein (Rb) in the nucleus (Takemura et al.
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1999) and BAX in the cytoplasm (Kerr et al. 2006). NPM1 is also responsible for
ribosomal protein L5 export out of nucleus (Yu et al. 2006).
NPM1 is a critical regulator in the nucleolar stress response. Earlier efforts by
Yung, Chan, and others provided evidence of NPM1 nucleoplasmic translocation upon
general cellular stress or typical nucleolar stress. Upon 48 hours of serum-free
starvation, nucleolar NPM1 levels decreased and the nucleoplasmic NPM1 levels
increased, whereas adding serum-containing medium reversed the direction of
nucleoplasmic translocation (Chan et al. 1985). Similar results were reported when
ribosomal transcription was inhibited by Actinomycin D (Yung et al. 1985) and also by a
wide range of anticancer agents, UV irradiation, viral infection, hypoxia, and oxidative
stress (Chan et al. 1988, Chan et al. 1992, Chan et al. 1999). In addition to the
nucleoplasmic translocation of NPM1, the relationship between NPM1-translocation and
p53 activation became more apparent under stress conditions such as anti-cancer drug,
daunomycin, treatment (Chan et al. 1999) and UV irradiation (Kurki et al. 2004). Studies
showed that NPM1 is capable of inhibiting p53, and it does so by directly interacting
with p53 and increasing stability and transcriptional activation of p53 after different types
of stress in diploid fibroblasts (Colombo et al. 2002). On the contrary, NPM1 can also
bind HDM2 N- and C- termini, competing with p53 specifically at the N-terminus, and
thereby blocking HDM2-mediated p53 degradation (Kurki et al. 2004) (Fig 1.2).
Recently, Yang et al. (2016) showed that a redox mechanism is involved in the
nucleolar stress sensing by NPM1 that causes p53 stabilization and activation.
Brady et al. (2004) suggested that NPM1 is an Arf binding protein, and that under
hyperproliferative stimuli, Arf gets upregulated which then sequesters NPM1 within the
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nucleolus and the cell cycle arrests. Retention of NPM1 within nucleoli in this case likely
prevents NPM1’s interaction with HDM2 and stabilize p53 as a result. In the
nucleoplasm, however, MDM2 binding to Arf’s N-terminus blocks the interaction
between Arf and NPM1. This could mean that Arf and NPM1 are individually available
for MDM2 binding in the nucleoplasm, and hence p53 stabilization and activation can be
achieved. Furthermore, Arf was shown to promote poly-ubiquitinylation of NPM1,
leading to its degradation; this negative regulation of NPM1 resulted in disruption of
ribosome biogenesis (Itahana et al. 2003), which would likely trigger further nucleolar
stress responses. A recent study suggested that under basal conditions, nucleoplasmic
Arf content is sufficient to trigger p53 activation; however, under stress conditions,
additional p53 accumulation and activation required presence of nucleoplasmic NPM1,
independent of Arf (Yang et al. 2016). Furthermore, Yang et al. (2016) showed that
NPM1 translocation to the nucleoplasm was needed for stress-induced p53 activation
because p53-HDM2 interaction was hindered only in the presence of wildtype NPM1,
and not the mutant NPM1 that is incapable of nucleoplasmic translocation, while RPL23
interaction to HDM2 remained unchanged in both wild-type and mutant backgrounds.
These results emphasize that nucleoplasmic translocation of NPM1 is a requirement for
p53-mediated stress response, and that NPM1 can be considered a conspicuous
hallmark for nucleolar stress.
Nucleostemin (NS) is another protein that translocates to the nucleoplasm under
stress accompanied by p53 stabilization as shown in neonatal rat cardiomyocytes
treated with doxorubicin and Actinomycin D (Avitabile et al. 2011). NS plays a role in
nucleolar stress response and is an important regulator of p53 as it can bind to MDM2
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(Tsai 2011). It belongs to YawG subfamily of GTPases and consists of a basic Nterminal domain, a central GTP-binding domain with motifs arranged in permutated
fashion (G5-G4-G1-G2-G3), followed by an RNA-binding domain, and an acidic carboxy
domain. Found abundantly in stem cells and cancer cells (Tsai and McKay 2002), the
GTP-bound NS localizes in the nucleolus, whereas the GDP-bound NS translocates to
the nucleoplasm (Tsai et al. 2005, Meng et al. 2006).
Mammalian NS is found in the RNA-deficient areas within the Granular
Component of the nucleolus, suggesting that NS may not be directly involved with prerRNA processing (Politz et al. 2005). However, a study by Romanova et al. (2009)
suggested NS’s role is precisely pre-rRNA processing. They showed that depleting NS
for an extended period inhibited the processing of the pre-RNA 32S into the mature
28S, and overexpressing NS facilitated the processing. In the nucleoplasm, NS has
been shown to protect telomeres by mediating the interaction that recruits RAD51 (Hsu
et al. 2012), and also facilitates the repair of replication-induced double strand breaks in
actively dividing stem cells by likewise recruiting RAD51 at the damage sites (Meng et
al. 2013). These studies suggest that the primary role of NS may be maintenance of
genome integrity, while still maintaining an indirect role in ribosome biogenesis. Notably
though, NS-like proteins found in other model organisms were shown to be directly
involved in ribosome biogenesis. For example, Kudron et al. (2008) showed that the
loss of NST-1 in C. elegans depleted 18S and 26S rRNA abundance and impaired
larval growth as well as germ line stem cell division. Similarly, loss of Grn1 in S. pombe
obstructed 35S pre-rRNA processing as well as the release of RpL25a resulting in
ribosomal stress (Du et al. 2006). Likewise, in Drosophila melanogaster, Rosby et al.
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(2009) showed that knockdown of NS1 resulted in inhibition of LSU release from
nucleoli and subsequently impaired cell growth and autophagy in the midgut polyploid
cells. Loss of another Drosophila nucleostemin, NS2, also led to the inhibition of
nucleolar release of the 60S subunit, and ultimately induced ribosomal stress (Wang
and DiMario, 2016).
Like NPM1 and Arf, NS can bind to MDM2, and it does so by using its coiled-coil
domain to interact with the central acidic region of MDM2 (Fig 1.3). However, NSmediated p53 regulation is complex in that both overexpression and depletion of NS can
activate p53 leading to cell cycle arrest. Since NS binds MDM2, overexpression of NS
blocks MDM2’s E3 ubiquitin ligase activity, thereby stabilizing p53 levels (Dai et al.
2008). On the other hand, depletion of NS disrupts ribosome biogenesis, such that
unassembled ribosomal proteins RpL5 and RpL11 can bind to MDM2 to again block
p53 ubiquitinylation (Ma et al. 2007, Dai et al. 2008). Moreover, interactions of NS with
other nucleolar and nuclear proteins complicate the situation even further. Ma and
Pederson (2008) showed that NS abundance fell when Arf levels rose by exogenous
expression in U2OS cells, and conversely NS abundance increased when endogenous
Arf was depleted in HeLa cells. The rise in Arf levels increases p53 stabilization through
Afr-MDM2 interaction, and the rise in p53 levels itself was attributed to the fall of NS
levels. In addition to Arf, NPM1 was involved in NS regulation, and Arf and NPM1
interact with each other directly (Ma and Pederson 2008). NS level is also regulated by
GTP levels as shown by the proteasomal degradation of NS in the absence of GTP as
shown by Lo et al. (2012).
In addition to Arf, NPM1, and NS, other nucleolar proteins also elicit a p53-
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mediated nucleolar stress response. For example, Nucleolin/C23 is involved in pre-RNA
transcription, processing, and assembly (Ginisty 1998), and it translocates to
nucleoplasm under a cyclin-dependent kinase 2 inhibitor, roscovitine, which occurs
concomitantly with p53 accumulation (David-Pfeuty 1999). Another protein, PICT1 or
glioma tumor-suppressor candidate region gene 2 (GLTSCR2), also translocated to the
nucleoplasm under hypoxia or Actinomycin D treatment. This protein promotes p53
stability through Arf-independent direct physical interaction with p53 (Lee et al. 2012).
Similar to the nucleolar assembly factors mentioned above, several ribosomal
proteins (RPs) can bind MDM2 and activate p53 upon nucleolar stress, i.e. disruption of
ribosome biogenesis (Warner and McIntosh 2009, Yadavilli et al. 2009) (Fig 1.2). This
was first demonstrated for RpL5 (Marechal et al. 1994), RpL11 (Lohrum et al. 2003),
and RpL23 (Dai et al. 2004). Overexpression of these RPs impeded MDM2 ubiquitin
ligase activity and stabilized p53. Additionally, low level Actinomycin D treatment
disrupted ribosome biogenesis resulting in buildup of RpL5 and RpL11 levels and their
binding to MDM2. Subsequently, many other RPs such as RpS3 (Yadavilli et al. 2009)
and RpS7 (Chen et al. 2007) were shown to regulate p53 activity. Similar to the Arf
protein, these RPs bind to the central acidic domain of MDM2 but to a slightly different
region than the Arf binding site (Ginisty 1998). This likely prevents MDM2 folding
needed for the C-terminal ubiquitin ligase domain of MDM2 to interact with p53 bound to
MDM2 at its N-terminus. Arf was considered to be a major player in p53 activation upon
c-Myc overexpression (Zindy et al. 1998). Macia et al. (2010) showed that interrupting
RpL5 and RpL11 interaction with MDM2 (by generating mutant MDM2 mice that cannot
bind RPs) blocked ribosome biogenesis stress induced p53 activation in the c-Myc
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overexpression model. However, the p53 activation through Arf remained intact upon
DNA damage. Moreover, RpL5 and RpL11 were excessively produced in the c-Myc
overexpression model independent of Arf, and their interaction with MDM2 triggered
p53 stress response.
Among several RPs implicated in p53 activation under nucleolar stress, RpL5
and RpL11 seem to have an exclusive role in p53 regulation. Knockdown of either RP
can separately result in adequate p53 activation under several ribosome biogenesis
stress responses. While other RPs are quickly removed by proteasomal degradation,
RpL5 and RpL11 are mutually protected from the degradation and therefore tend to
accumulate within a cell (Bursać et al. 2012). They also colocalize with each other,
MDM2, p53, and the promyelocytic leukemia (PML) protein within the residual nucleoli
under nucleolar stress induced by Actinomycin D treatment.
During nucleolar stress, ribosome biogenesis disruption is initially thought to
cause accumulation of unincorporated RPs which then diffused from the nucleolus to
the nucleoplasm and are free to bind MDM2 (Zhang and Lu 2009). However, recent
evidence suggests that there are other mechanisms by which RPs could selectively
accumulate and elicit p53 stress response. This is why even in the absence of obvious
nucleolar damage upon ribosome biogenesis stress, p53 can be activated as a result of
RpL11/MDM2 interaction. For example, Fumagalli et al. (2009) showed that nucleolar
integrity was unperturbed even when knockdown of RpS6 blocked 40S subunit
biogenesis, but p53 activation was still achieved through RpL11 overexpression. In this
case, RpL11 mRNA including others (RpS8, RpS16, RpL26) that contain 5’ polypyrimidine tract (5’-TOP) were specifically targeted for translation due to de-repression
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of the 5’-TOP upon loss of 40S subunit. The excess RpL11 then interacts with MDM2
and ultimately activates p53. Furthermore, the role of 5S rRNA in the context of the 5S
rRNA/RpL5/RpL11 complex has also emerged as a crucial player in nucleolar stress
signaling through p53. Sloan et al. (2013) reported that the 5S rRNP is essential for p53
activation via p14Arf, and depletion of 5S rRNA prevents nucleolar stress-dependent
activation of p53. In fact, depleting 5S rRNA by siRNA targeting was directly involved in
lowering Mdmx protein that is essential for maximizing MDM2’s E3 ubiquitin ligase
activity, ultimately promoting p53 activation (Donati et al. 2013).
1.3.3 p53-independent Nucleolar Stress in Yeast
p53-dependent nucleolar stress response summarized in section 1.3.2 has been
described primarily in mammals, and research efforts to uncover p53-independent
nucleolar stress pathways in other metazoans including the invertebrates (for example
Drosophila melanogaster) are ongoing (reviewed in Olausson and Nister 2012, James
et al. 2014). In yeast, however, neither p53 nor MDM2 has been characterized yet
(Koerte et al. 1995. Di Ventura et al. 2008). Since the known p53-mediated pathways do
not apply to yeast nucleolar stress response (Ma and Pederson 2007, Ma and Pederson
2008, Zhang and Lu 2009, Zhou et al. 2012, Zhou et al. 2013), current data suggests
that yeast may employ conserved ancestral pathways that then evolved into the more
complex pathways presently found in mammals. When Gómez-Herreros et al. (2013)
investigated the effects of nucleotide-depleting drugs, such as 6-azauracil and
mycophenolic acid, on ribosome biogenesis in the budding yeast, Saccharomyces
cerevisiae, the authors reported induction of nucleolar stress in the yeast cells and G1
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Fig 1.4. p53-independent response to nucleolar stress in yeast and Drosophila
melanogaster. While yeast and Drosophila both lack p53 and MDM2, Chakraborty et al.
(2015) recently reported Corp as a functional analog of the vertebrate MDM2. In the
budding yeast, Saccharomyces cerevisiae, Gómez-Herreros et al. (2013) investigated
the effects of nucleotide-depleting drugs, such as 6-azauracil and mycophenolic acid,
on ribosome biogenesis and reported induction of nucleolar stress in the yeast cells and
G1 delay through the accumulation of free RPs, L5 and L11 (orthologues of human
RpL5 and RpL11 respectively). In Drosophila melanogaster, Brodsky et al. (2000)
showed that irradiation (IR)-induced cell cycle arrest occurs in Dp53-deficient cells,
providing evidence for a p53-independent nucleolar stress response in Drosophila.
Furthermore, mutant Dp53-/- MNK-/- cells fail to induce apoptosis upon the IR treatment,
since phosphorylation of Dp53 by MNK (Chk2 in Drosophila) is necessary for Dp53
activation. McNamee and Brodsky (2009) found that apoptosis increases by 3-4 folds in
puc+/- Dp53-/- mutant wing discs, suggesting that loss of one functional copy of puc
reduces the negative regulation on JNK (puc is the JNK phosphatase with JNK acting
as a negative feed-back repressor). James et al. (2013) also showed that Nopp140depletion resulted in p53-independent nucleolar stress through JNK activation, and
subsequent activation of Hid to induce apoptosis.
delay through the accumulation of free RPs, L5 and L11 (orthologues of human RpL5
and RpL11 respectively) (Fig 1.4). Recall that in mammalian systems, excess RPs bind
to MDM2 and trigger p53 activation. Furthermore, mammalian RpL5 and RpL11 are
specifically protected from proteasomal degradation and they seem to have an
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exclusive role in p53 regulation (Bursać et al. 2012). Despite the lack of both p53 and
MDM2 homologs in yeast, L5 and L11 still carry significance as mediators of nucleolar
stress in yeast, but in a p53-independent manner, suggesting that the
p53/MDM2/RpL5/RpL11 pathway in mammals evolved from a process already present
in lower eukaryotes. This makes sense given that there is a high level of conservation in
the ribosome biogenesis pathway between yeast and metazoans (Wool 1979, Zeevi et
al. 2011, Wolford and Baserga 2013), and that aberrant ribosome biogenesis leads to
cell cycle defects in both yeast and mammalian models (James et al. 2014).
Jorgensen et al. (2002) conducted a genetic study in which deletion of each of
the ~6000 Saccharomyces cerevisiae genes revealed a complex set of ~500 factors
governing cell size at START; Sfp1, a transcription factor that controls at least 60 genes
involved in ribosome assembly, was one of the factors identified. This study not only
highlighted the tight link between ribosome biogenesis and cell size in yeast, but it also
showed that yeast appears to have multiple conserved pathways that govern cell growth
and division. Another comprehensive study by Thapa et al. (2013) showed that
systematic depletion of ribosomal proteins in yeast induces several cell cycle and
morphological defects, supporting the hypothesis that there could be multiple
mechanisms for ribosome stress sensing. For example, while individual depletion of 22
of the 26 small subunit RPs resulted in a G1 arrest, the remaining four (S8, S23, S24,
and S31) did not produce significant changes in the cell cycle as monitored by flow
cytometry profiles. While the effects of the small subunit RPs depletions were somewhat
uniform, the case was different for the large subunit RPs depletions in which a range of
phenotypes was observed. For instance, depletion of nine large subunit RPs resulted in
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a G1 arrest, whereas depletion of a separate set of eleven did not exhibit a growth
arrest phenotype; depletion of another set of eight large subunit RPs resulted in arrest
at G2/M and/or the cytokinesis step. In addition to these studies, Kinoshita et al. (2001)
investigated the two temperature-sensitive alleles of Yph1 gene (yeast pescadillo
homolog), Yph1-24 and Yph1-45. Briefly, Yph, the yeast Nop7 homology, is a nucleolar
protein required for assembly and export of 60S large ribosomal subunit and efficient
exonucleolytic processing of the 27SA3 pre-rRNA (Harnpicharnchai et al. 2001,
Oeffinger et al. 2002). Kinoshita et al. (2001) showed that yeast cells harboring
temperature-sensitive alleles Yph1-24 and Yph1-45 arrest at G1 and G2 respectively,
further adding complexity to nucleolar stress response in yeast. These studies suggest
that there may be several crucial players, not just a few, involved in yeast’s nucleolar
stress response, and the ‘ancestral’ mechanism of nucleolar stress response in yeast
may not be that straight-forward after all. Furthermore, it is likely that majority of the
elements mediating nucleolar stress response in yeast may be cell cycle regulators,
given that studies in cancer cell lines (discussed below) have often reported the
involvement of cell cycle regulators in p53-independent nucleolar stress responses.
1.3.4 p53-independent Nucleolar Stress in Cancer Cells
Since many cancer cells carry either mutant p53 or no p53 at all, understanding
the mechanisms behind p53-independent nucleolar stress pathways has gained more
attention (reviewed in Holmberg et al. 2012, James et al. 2014, Russo and Russo 2017)
(Fig 1.5). In fact, p53-independent nucleolar stress pathways that lead to cell cycle
arrest and/or apoptosis have already been reported by studies carried out in various
cancer cell lines. For example, Donati et al. (2011) showed that significant reduction in
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Fig 1.5. p53-Independent responses to nucleolar stress. A) Donati et al. (2011)
proposes a model in which, during perturbations in ribosome biogenesis, modeled by
silencing of POLR1A in p53-deficient HCT-110 human cancer cells, RpL11 is released
from ribosomes and subsequently associates with MDM2. The E2F-1-MDM2 interaction
is severed, leading to proteasomal degradation of E2F-1 and cell cycle arrest. B) In
p53−/− erythroid cells, PIM1 kinase normally associates with RpS19. PIM1 kinase also
phosphorylates the cell cycle inhibitor p27Kip1 at Thr157, thus marking it for
degradation, allowing normal cell cycle progression. Iadevaia et al. (2010) disrupted the
RpS19/PIM1 kinase interaction, either by expressing RNAi against RpS19 or applying
treatments known to induce nucleolar stress in human erythroleukemic TF-1 (p53+/+)
and K562 (p53−/−) cell lines. PIM1 kinase, being unable to associate with the small
subunit of the ribosome, is degraded, allowing p27Kip1 stabilization, cell cycle arrest,
and apoptosis, even in K562 (p53−/−) cells. C) Russo et al. (2013) overexpressed RpL3
in order to mimic a disruption of ribosome biogenesis. Upon RpL3 overexpression, a
multi-protein complex containing RpL3, Sp1, and NPM formed at the p21 gene
promoter, activating its expression, which resulted in cell cycle arrest or apoptosis.
(Adapted from James et al. 2014)
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DNA synthesis and G1 arrest in the p53-deficient human colon cancer (HCT-116) cells
in which dominant negative form of murine p53 was expressed and POLR1A, the
catalytic subunit of RNA Pol I, was silenced to inhibit rDNA transcription. While RpL11 is
crucial in p53-dependent nucleolar stress (as discussed in section 1.3.2), Donati et al.
(2011) showed that increased RpL11 levels in the POLR1A depleted cells was
necessary for the downregulation of E2F-1. E2F-1 is a transcription factor belonging to
the E2F family of transcriptional regulators that controls the expression of genes
necessary for entry and passage of cells through S-phase (Dimova and Dyson, 2005). It
is negatively regulated by the Retinoblastoma (Rb) protein, and is involved in cell
proliferation (Dimova and Dyson, 2005). Interestingly, E2F was downregulated even
when Rb was silenced in the POLR1A-depleted HCT-116 cells with the dominant
negative murine p53 expressed (Donati et al. 2011), suggesting involvement of other
E2F-1 regulators. Other studies have indicated that MDM2 increases half-life of E2F-1,
and it protects E2F-1 from proteaosomal degradation by displacing of the E2F-1 E3
ligase, in p53-, p14Arf, and pRb-independent manner (Zhang et al. 2005). Therefore,
Donati et al. (2011) proposed that upon disruption of rDNA transcription, RpL11, now
rising in abundance, binds to MDM2, and without the protection from proteasomal
degradation by MDM2, E2F-1 is eventually degraded (Fig 1.5). Low levels of E2F-1
would then trigger cell cycle arrest in an Rb-dependent manner. Hence, E2F-1 and Rb
can be considered as mediators of both p53-dependent and p53-independent
apoptosis.
In addition to RpL11’s interaction with E2F-1 in a p53-independent nucleolar
stress response, Dai et al. (2007) showed that when overexpressed, RpL11 interacts
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with and inhibits c-Myc in both Arf-null U2OS cells and in p53-/- mdm2-/- mouse
embryonic fibroblast (MEF) cells, thereby resulting in RpL11-dependent cell cycle
arrest. The overexpression of RPs was used to mimic the accumulation of RPs during
nucleolar stress. Likewise, Zhou et al. (2013) showed that RpS14 binds c-Myc and
impedes its activity by blocking c-Myc and its partners’ recruitment to the promoter of its
target gene Nucleolin. Upon RpS14 overexpression, c-Myc-induced E2F, and Nucleolin
expression decreased. RpS14 also interacts with Ago2 and triggers c-Myc mRNA
decay, ultimately blocking cell cycle progression. The overexpression of RpL3 also
resulted in cell cycle arrest and mitochondria-dependent apoptosis in a p53independent manner, and this involved RpL3-mediated increase in the expression of
p21Cip1/Waf1 (Russo et al. 2013) (Fig 1.5), a major inhibitor of CDKs that results in cell
cycle arrest upon p53-dependent expression (Eckner 2012).
Other regulators of p53-independent nucleolar stress are PIM1 (Iadevaia et al.
2010), and PeBoW (Lapik et al. 2004, Grimm et al. 2006). PIM1 is a serine/threonine
kinase that regulates cell cycle and apoptosis (Wang et al. 2001, Bachmann and Möröy
2001). Iadevaia et al (2010) showed that disruption of rDNA transcription (by expressing
RNAi against RpS19 or treatments with drugs such as Actinomycin D, cisplatinum, and
camtothecin) led to a decline in PIM1 protein levels through proteasomal degradation
(Fig 1.5). This was accompanied by an increase in cyclin-dependent kinase (CDK)
inhibitor p27Kip1 levels, thereby causing cell cycle arrest in both p53+/+ and p53-/myelogenous leukemia (K562) cells. Likewise, Li et al. (2009) reported upregulated
pescadillo (PES) mRNA and protein levels in seven breast cancer cells lines compared
with normal breast tissue. PES is found in the PeBoW complex along with Bop1 (block

26

of proliferation) and WDR12 (WD repeat) proteins (Grimm et al. 2006). PES controls the
maturation of the large ribosomal subunit together with its interaction partner Peter Pan,
PPAN (Bogengruber et al. 2003). Pescadillo knockdown by RNAi inhibited cell division
in both p53+/+ and p53-/- breast cancer cell lines through upregulation of the CDK
inhibitor p27Kip1; this is similar to p27Kip1 upregulation observed when PIM1 levels
decline upon nucleolar stress. Consequently, the rise in p27Kip1 levels led to reduction in
Rb phosphorylation, thereby leading to cell cycle arrest in both p53+/+ and p53-/- breast
cancer cell lines (Li et al. 2009). Since somatic mutations occur in p53 at the rate of 3850% in almost every type of cancer (Olivier et al. 2010), these findings are of great
significance because they provide potential chemotherapeutic targets that trigger cell
cycle arrest and apoptosis irrespective of presence or absence of p53.
1.3.5 p53-independent Nucleolar Stress in Drosophila melanogaster
While both p53 and MDM2 are found in the mammalian system, neither are
present in yeast, as discussed above. However, fruitflies (Drosophila melanogaster) and
worms (Caenorhabditis elegans) fall somewhere in between these two extremes. In the
case of C. elegans, a p53 family gene, CEP-1, has been identified, but no MDM2 or Arf
homolog has been found yet (Momand et al. 2011, Lane and Verma 2012). DNAdamage induced apoptosis pathways have been described in the C. elegans germline
cells which involves CEP-1 and several pro-apoptotic proteins (Horvitz 1999,
Schumacher et al. 2001). Salinas et al. (2006) later showed that stresses such as
oxidative, osmotic, heat shock and starvation stresses induced germ line cell apoptosis
can occur through p53 and EGL-1 (a BH3 only pro-apoptotic protein) independent
pathway.
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As in C. elegans, p53 has been identified in fruitflies (Drosophila melanogaster).
The Drosophila melanogaster p53 gene (Dp53) has two alternative promoters that can
generate three protein isoforms: Dp53, DDNp53, and Dp53DC (the last remains to be
experimentally confirmed) (Marcel et al. 2011). Dp53 is a structural and functional
homolog of vertebrate p53, however the significant structural similarity between the two
is limited to the DNA-binding domain known to recognize and coordinate zinc ion in
human p53 (Cho et al. 1994, Ollman et al 2000). Unlike p53, Dp53 is unable to induce
cell cycle arrest upon overexpression or radiation treatment (Ollmann et al. 2000,
Brodsky et al. 2004). Nonetheless, like CEP-1 in C. elegans, Dp53 is also known to
transcriptionally activate the proapoptotic genes Bax (Miyashita and Reed 1995), Fas
(Owen-Schaub et al. 1995), and IGF-BP3 (Buckbinder et al. 1995), and the proapoptotic genes that express regulators, reaper, hid, and grim (Goyal et al. 2000,
Brodsky et al. 2000, Dichtel-Danjoy et al. 2013), which are often referred to the RHG
proteins. Among the three RHG proteins, hid is the major effector of Dp53-induced
apoptosis in the Drosophila eye disc (Fan et al. 2009). Interestingly, expression of
human p21 or its Drosophila homolog dacapo blocks Dp53-induced apoptosis and
differentiation defects, whereas Dp53 does not induce the expression of dacapo (Fan et
al. 2009). In mammals, however, p21 is a major target of p53 that results in cell-cycle
arrest (Eckner 2012). These findings suggest that while human p21 acts downstream of
p53, dacapo may function upstream of Dp53, and that there may be other pathways
activated by Dp53 involving multiple other protein family members.
Kaelin (1999) identified two p53-related genes, p63 and p73, in vertebrates, and
both are capable of transactivating p53 target genes in response to genotoxic and other
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stress signals. No sequence similarity has been found between Dp53 and p63/p73
since Dp53 lacks the long C-terminal tail with the SAM domain, which is characteristic of
the p63/p73 subfamily (Kaghad et al. 1997). Similar to mammalian p53, a β sheet
(residues 320–322 and 332–337) and amphipathic α helix (residues 341–359) are
predicted in Dp53 carboxy terminus, and while this region helps Dp53 interact and selfassociate, it did not associate with the carboxy terminus of human p53 (Ollman et al.
2000).
Previously, several studies aimed at finding the MDM2 homolog in Drosophila
melanogaster concluded that there is simply none in this species (Momand et al. 2011,
Lane and Verma 2012). MDM2 in mammals is the major negative regulator of p53; it
binds and ubiquitinates p53 to target it for proteasome degradation (Michael and Oren
2003). However, Chakraborty et al. (2015) recently claimed to have identified a
functional analog of MDM2 in Drosophila called companion of reaper (Corp) as it is a
negative regulator of Dp53 and is also a transcriptional target of Dp53 (Brodsky et al.
2004) (Fig 1.4), unlike other negative regulators such as Rad6 that are not
transcriptional targets of Dp53 (Chen et al. 2011). Using the TUNEL assay, Chakraborty
et al. (2015) showed that apoptosis is elevated in the wing discs of Corp95B mutants
following irradiation, whereas Dp535A-1-4 mutants (a deletion in the p53 gene) have
significantly reduced apoptosis. Similar to Dp535A-1-4 mutants, Corp95B Dp535A-1-4 double
mutants also show reduced cell death, suggesting that elevated apoptosis in
Corp95B mutants is possible because of the absence of functional Corp that can
negatively regulate Dp53. Furthermore, overexpression of wildtype Corp also
suppresses the cell-death phenotypes mediated by hid+ or reaper+ overexpression
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(Chakraborty et al. 2015). Activated Dp53 has been shown to lead to increased
expression of the apoptotic proteins, hid and reaper (Brodsky et al. 2000). Corp-induced
suppression of apoptotic phenotype caused by hid or reaper indicates that Corp’s
negative feedback on Dp53 levels is responsible for the inhibition of Dp53-induced hid
or reaper overexpression, and hence is responsible for the reduced cell-death effects.
Using the domain analysis tool, MEME, Chakraborty et al. (2015) identified seven
similar motifs among four Mdm2 orthologs (H. sapiens, M. musculus, G. gallus, and D.
rerio) and two Corp orthologs from Drosophila species (D. melanogaster and D. virilis).
MDM2 and Corp share two of the seven motifs, named as Corp and Mdm2 Motif-1
(CMM-1) and CMM-2, and between these two motifs, CMM-1 corresponds to the Nterminal region of MDM2 that mediates p53-MDM2 binding. To determine if Corp and
Dp53 physically interact, cell lysates were prepared from HeLa or 293 cells transfected
with C-terminal-tagged Corp-GFP-Flag and incubated with either GST or GST-Dp53.
GST-Dp53, but not GST, specifically pulled down Corp-GFP-Flag, suggesting that Corp
expressed in the mammalian cell lines physically interact with Dp53. Similar interaction
was observed between GST-Dp53 and in vitro synthesized Corp. However, evidence of
a direct physical interaction between Corp and Dp53 in Drosophila cell is pending,
Chakraborty et al. (2015) suggested that the possibility of such an interaction is
supported by the findings that Corp has a p53-MDM2 binding motif, and it directly
interacts with Dp53 when expressed in mammalian lines. Corp blocks the Dp53mediated apoptosis, and its expression is inversely correlated with Dp53 levels. It is
also a transcriptional target of Dp53 (Brodsky et al. 2004), similar to MDM2.
Apart from the similarity between Corp and MDM2 in their p53 binding motif,
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Chakraborty et al. (2015) point out differences between the two proteins. Firstly, Corp
lacks the E3 ubiquitin ligase containing a RING domain that MDM2 has. It is possible
that Corp targets downstream components of apoptotic pathway for degradation or it
may interact with other ubiquitin ligases to mediate p53 ubiquitination and degradation
indirectly. A protein-protein interaction analysis using Flybase essentially revealed that
Corp physically interacts with the E3 ubiquitin ligase, hyd, and many other proteasomal
subunits. Secondly, the corp95B null mutation is not lethal in flies (Chakraborty et al.
2015), whereas the MDM2 null mutation is embryonic lethal in mouse and can be
rescued by absence of p53 (Jones et al. 1995). Interestingly, mice carrying a mutation
in the RING domain of MDM2 such that it cannot ubiquitinate p53 but can still interact
with MDMx, are viable (Tollini et al. 2014). Furthermore, mice carrying a mutation in the
p53 response element in the MDM2 promoter, so that MDM2 cannot be upregulated by
p53, are also viable (Pant et al. 2013). In both mutants, sensitivity to DNA damage was
high, indicating higher levels of MDM2 are necessary for DNA damage response. This
suggests that basal levels of MDM2 are sufficient to regulate p53. Thirdly, the
corp95B null mutants do not exhibit an apparent phenotype in normal conditions,
whereas basal MDM2 levels are necessary to block p53 even in normal conditions. It is
only during stress, such as DNA damage, that Corp appears to function, as the
corp95B null mutants showed increased apoptosis after the irradiation treatment.
Additionally, activation of p53 upstream kinases is required to cause lethality during
stress in absence of Corp, and the normal level of Drosophila Dp53 is not enough to
induce the phenotype (Chakraborty et al. 2015). This suggests that Corp is critical in
stressed conditions, and it likely prevents widespread cell death following DNA damage,
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thereby providing undamaged cells a suitable environment in which to regenerate.
Although the evidence for Corp-Dp53 binding is limited to the identification of the CCM1 motif in Corp, further work is necessary to confirm this interaction, as well as Corp’s
suggested interaction with the E3 ubiquitin ligase, hyd, and other proteasomal subunits.
To date, several reports have emerged that describe p53-independent nucleolar
stress pathways in Drosophila melanogaster. In 2000, Brodsky et al. showed that
irradiation (IR)-induced cell cycle arrest occurs in Dp53-deficient cells, providing
evidence for a p53-independent nucleolar stress response in Drosophila. Furthermore,
mutant Dp53-/- MNK-/- cells fail to induce apoptosis upon the IR treatment, since
phosphorylation of Dp53 by MNK (Chk2 in Drosophila) is necessary for Dp53 activation
(Fig 1.4); this is conserved among metazoans. The activated Dp53 upregulates the
expression of genes involved in DNA repair through homologous recombination, such
as MRE11 and RAD50 which forms a heterotrimeric complex with NBS1 (MRE11RAD50-NBS1), or through non-homologous end joining, such as Ku70 and Ku80. It also
upregulates expression of genes involved in apoptotic pathway, such as the RHG
proteins (reaper, hid, grim). Likewise, the mRNA levels of several developmental
regulators increase upon IR treatment in a p53-independent manner. This led Brodsky
et al. (2000) to propose a model in which IR induces ribosome stress response in MNKdependent manner and also independent of Dp53, with the expression of
developmental genes as a secondary result. MNK also has a Dp53-independent role in
meiotic checkpoint regulation, where MNK activation requires MEI-41 (ATR) (Brodsky et
al 2000). Later in 2007, Grewal et al. also demonstrated that the growth arrest
phenotype observed in tifia-/- flies that are deficient in TIF-IA (a critical RNA Pol I
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transcription initiation factor required for ribosome biogenesis in both mammals and
Drosophila) is no different from that observed in tifia-/- Dp53-/- flies. Now that Corp, the
functional homolog of MDM2 in Drosophila, has been identified, it would be interesting
to see if and in what ways Corp interacts with various cellular components such as
those involved with cell cycle regulation, DNA repair, apoptotic pathways, and other
developmental regulators, and how it possibly induces Dp53-independent nucleolar
stress response.
Another apoptotic pathway that is Dp53-independent, but JNK- and HIDdependent was described by McNamee and Brodsky (2009). Apoptosis was induced in
larval wing discs by generating IR-mediated chromosomal breaks that often caused
mutations in genes encoding ribosomal proteins scattered throughout the fly genome.
The haplo-insufficiency of ribosomal proteins after IR treatment results in short and
thinner bristles, a Minute phenotype, in adult flies. There was no difference in the
number of small bristles counted in the Dp53+/+ or Dp53-/- flies, suggesting that Dp53
does not participate in removal of cells that are haplo-insufficient for ribosomal protein
genes. Since the Minute phenotype is associated with a high expression of c-Jun Nterminal kinase (JNK), McNamee and Brodsky (2009) investigated JNK and its
downstream target puckered activity after IR treatment (puc is the JNK phosphatase
with JNK acting as a negative feed-back repressor). They found that apoptosis
increases by a 3-4 fold in puc+/- Dp53-/- mutant wing discs, suggesting that loss of one
functional copy of puc reduces the negative regulation on JNK, and hence apoptosis
increases (Fig 1.4). Conversely, when puc is overexpressed, it represses JNK to a
greater extent such that JNK-mediated apoptosis is heavily reduced. Since JNK
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activates hid, the Dp53-independent apoptosis involving JNK most likely recruits the
same apoptotic machinery that normally leads to cell death via other stress and
signaling pathways. Furthermore, McNamee and Brodsky (2009) suggested that cell
cycle arrest can delay Dp53-independent activation of JNK signaling and apoptosis after
IR treatment. They investigated the role of Drosophila grp, the Chk1 kinase homolog,
and found that grp-/- puc+/- Dp53-/- triple mutants exhibit higher levels of apoptosis than
grp-/- Dp53-/- or puc+/- Dp53-/- double mutants. Mutation in grp prevents cells from G2/M
arrest, which helps accelerate the apoptotic process. In conclusion, this JNKdependent, Dp53-independent apoptotic pathway may involve components of the DNA
damage response pathways and may be activated upon loss of certain ribosomal
proteins.
1.3.6 Nucleolar Stress due to Loss of Nopp140 in Drosophila melanogaster
Nopp140 is a ribosome assembly factor that is conserved among eukaryotes
from yeast to humans. It was first described as a chaperone that shuttles between the
nucleolus and the cytoplasm in rats (Meier and Blobel, 1992), perhaps to facilitate the
import of other ribosome assembly factors that have SV40 T antigen-type nuclear
localization signals (Meier and Blobel, 1990). Before this, Schmidt-Zachmann et al.
(1984) had characterized the Xenopus ortholog of Nopp140, xNopp140, which has up to
18 alternating acidic and basic stretches in the central domain. It shares 50% and 59%
identity to the rat Nopp140 in its N- and C-terminus respectively. xNopp180 was shown
to localize in the Dense Fibrillar Component (DFC) of interphase nucleoli (Cairns and
McStay, 1995), but soon after, Nopp140 was found also within nuclear Cajal bodies
(CBs) (Meier and Blobel, 1996, Isaac et al. 1998, Gall et al. 1999).
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The human Nopp140 (hNopp140), originally called p130 (Pai et al. 1995), was
first identified when searching for proteins that fluctuated in abundance between
interphase and mitosis, and it shares 74% identity to the rat Nopp140. hNopp140
(NOLC1; CCDS 65925.1) is encoded by NOLC1 (ID: 9221) which is located on
chromosome 10 (NC_000010.11). NOLC1 contains 13 exons that encode isoforms of
700 or 707 amino acids. Exon 1 encodes a Lis1 homology (LisH) domain that is likely
used for dimerization (Mateja et al. 2006). The LisH domain was first described in the
Mus musculus Lis1 protein that is necessary for normal neuronal migration in the
developing cerebral cortex (Emes and Ponting 2001). Mutation in the human Lis1 gene
is responsible for a brain defect called Miller-Dieker lissencephaly that causes severe
retardation, epilepsy, and death (Reiner et al. 1993). Exons 3-10 of hNopp140 encode a
large central peptide domain that consists of 10 repeating motifs; each motif contains a
basic region rich in lysine, alanine, and proline followed by an acidic region rich in
aspartate, glutamate, and phosphoserine. The serine residues are extensively
phosphorylated in vivo by casein kinase type II (CKII) enzymes thus contributing to the
acidic properties of the region (Meier 1996; Li et al. 1997).
In mammals, Nopp140 associates with C/D box small nucleolar ribonucleoprotein
(snoRNPs) that guide nucleotide-specific 2′-O-methylation of the pre-rRNA, and with
H/ACA box snoRNPs that direct site-specific pseudouridylation of pre-rRNA and
snRNAs (Yang et al. 2000). These interactions with Nopp140 may initiate within CBs as
Nopp140 is thought to shuttle these snoRNPs from CBs where they assemble to
nucleoli (Yang et al. 2000, Wang et al. 2002, Meier 2005, Lo et al. 2006). Chen et al.
(1999) showed that hNopp140 interacts with RNA Pol I through amino acids 204 to 382
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to regulate rRNA transcription, perhaps linking RNA Pol I transcription with pre-rRNA
processing (Meier, 2005). When Chen et al. (1999) overexpressed the N-terminal half of
hNopp140 in HeLa cells containing wildtype human Nopp140, the nucleolar structure
was altered. Crescent shaped structures formed in the nucleoli that sequestered the
wildtype hNopp140, RNA Pol I, and fibrillarin, and also blocked rDNA transcription.
These phenotypes are similar to that of Actinomycin D treatment. However,
overexpressing the C-terminal half of hNopp140 did not affect nucleolar structure,
suggesting that the N-terminal half of hNopp140 (within amino acids 204 to 382)
interacts with RNA Pol I. Recently, Yuan et al. (2017) showed that in the hepatocellular
carcinoma (HCC) cell lines, cellular senescence-inhibited gene (CSIG) is highly
expressed, which interacts with the 5’ UTR of the human Nopp140 or NOLC1 mRNA,
thereby destabilizing it and repressing NOLC1 protein levels. They further showed that
ectopic expression of NOLC1 in the HCC cells formed ring like structures, similar to
what Chen et al. (1999) observed upon hNopp140 overexpression. This alteration in
nucleolar structure inhibited HCC cell proliferation and caused cell cycle arrest, thereby
revealing a CSIG-NOLC1-rRNA pathway as a therapeutic strategy for HCC. Intriguingly,
there is also evidence for Nopp140’s role as an RNA Pol II transcription coactivator;
Nopp140 was shown to bind the general transcription factor TFIIB and an RNA Pol II
transcription factor AGP/EBPb to mediate a1-acid glycoprotein gene (AGP) gene
expression during innate immune acute phase response (Chiu et al. 2002; Miau et al.
1997).
Various orthologs of Nopp140 have been identified based on sequence similarity
in the evolutionarily conserved amino and carboxy termini (residues 1-82 and 601-699
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in human Nopp140 respectively). Meier (1996) identified the ortholog of mammalian
Nopp140 in yeast, Srp40, which is 59% identical to mammalian Nopp140 in its carboxy
domain. Growth defects were observed upon overexpression or under-expression of
Srp40, however the nucleolar morphology or the pre-ribosome assembly or transport
were unaffected. Subsequently, Waggener and DiMario (2002) identified and described
the Drosophila melanogaster Nopp140 (CG7421) which maps to the left arm of
chromosome 3 proximal to the centromere in cytological region 78F4. Two protein
isoforms arise by alternative splicing: Nopp140-True and Nopp140-RGG Nopp140-True
contains 686 amino acids, while Nopp140-RGG contains 720 residues (Waggener and
DiMario 2002). Exons 3 and 4 encode the carboxy terminus of the Nopp140-True
isoform that is 65% identical to the carboxy terminus of human Nopp140 over a 94amino acid stretch. Hence this isoform is considered the true ortholog of vertebrate
Nopp140 in Drosophila (Waggener and DiMario, 2002) (Fig 1.6). Unlike most other
nucleolar proteins, neither vertebrate nor Drosophila Nopp140-True carries RNAbinding motifs or glycine/arginine-rich stretches in their amino acid sequences such as
in fibrillarin and nucleolin. However, the Nopp140-RGG isoform in Drosophila has a
single third “RGG” exon as its carboxy tail that is rich in glycine and arginine. Examples
of other genes that produce spliced isoforms with or without RGG/RG motifs are Aven,
FMR1, and CHTOP; studies indicate that the posttranslational modification of arginine
methylation is the most common mechanism of modulating the function of these motifs
(Thandapani et al. 2013). The RGG/RG motifs have been shown to mediate proteinprotein interaction, regulate cellular localization in normal conditions and in stress
conditions, and mediate RNA binding (Thandapani et al. 2013). Consequently, RGG/RG
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Fig 1.6. Schematic of the Drosophila melanogaster Nopp140, and comparison among
Drosophila Nopp140, rat Nopp140, and human treacle. A) Alternative splicing of the
Nopp140 pre-mRNA (3943 nt) produces Nopp140-True and Nopp140-RGG (Waggener
and DiMario 2002). Exons 1 and 2 are common for both mature mRNAs. Nopp140-True
is encoded by exons 3 and 4, whereas Nopp140-RGG is encoded by the RGG exon.
Gray segments represent the 3′ untranslated regions (UTRs). The coding sequence for
the carboxy terminus of Nopp140-RGG is totally contained within the intron separating
exons 3 and 4 in the first pathway. Notice that exon 4 in the first pathway is expressed
as a part of the 3′ UTR in the RGG exon. B) Primary structures of the two Drosophila
Nopp140 isoforms (Nopp140-True and Nopp140-RGG) compared with prototypical rat
Nopp140 (Meier, 1996) and human Treacle. Acidic regions are in black and basic or
neutral regions are in white. The carboxy terminus of the Drosophila Nopp140-True is
64% identical to the carboxy terminus of rat Nopp140. (Adapted from Cui and DiMario
2007).
motif-containing proteins have been linked with diverse processes such as
transcriptional regulation, DNA damage signaling, regulation of apoptosis, and premRNA splicing (Thandapani et al. 2013). It is possible that the distinct carboxy termini of
the two Drosophila isoforms may define their own unique roles in nucleoli and Cajal
bodies. Another possibility is that the two isoforms, Nopp140-True and Nopp140-RGG,
operate in conjunction with each other, perhaps by dimerizing their N-terminal LisH
domains. The dimerized Nopp140 complex could then modulate their combined
functions within the cell in normal versus stressed conditions.
The second exon of both isoforms consists of overlapping repeat patterns along
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which there are stretches of repeating acidic and basic motifs (discussed in Chapter 4 in
detail) which is similar to vertebrate Nopp140, but with the difference that in vertebrates,
these alternating acidic and basic motifs span several exons. Both Nopp140 isoforms in
Drosophila localize to nucleoli and Cajal bodies when expressed exogenously as GFP
fusions in transgenic embryos, larvae, and adults (McCain et al. 2006).
Drosophila mutations in ribosomal protein genes (Marygold et al. 2005) and
genes encoding ribosome assembly factors have been linked to Minute-like
phenotypes. Some of Drosophila ribosome assembly factors include Nop60B
(homologous to rat NAP57 and human dyskerin, a pseudouridine synthase; Phillips et
al. 1998, Giordano et al. 1999), Dribble (homologous to yeast Krr1p required for 40S
ribosome unit assembly; Chan et al. 2001), and pitchoune (a nucleolar DEAD-box RNA
helicase). Adding to this list of nucleolar assembly factors, Cui and DiMario (2007)
expressed RNAi using the GAL4/UAS system targeting Nopp140 and showed that
surviving adults exhibited Minute-like phenotypes. The phenotypes included short and
thin thoracic bristles, defective abdominal cuticle segmentation, abnormal wings, and
reduced viability (Fig 1.7). Like many Minute mutations in Drosophila that are haploinsufficient, loss of Nopp140 by RNAi exhibited haplo-insufficiency such that a ≥50%
loss of Nopp140 transcripts resulted in larval and pupal lethality, whereas a 30% loss
resulted in adult deformities. Cui and DiMario (2007) proposed that the physical
deformities observed in RNAi-depleted progeny are reminiscent of the Treacher Collins
Syndrome, a human ribosomopathy characterized by craniofacial deformities
(discussed in section 1.4).
Briefly, human treacle is encoded by the TCOF1 gene (gene ID: 6949;
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Fig 1.7. Minute-like phenotypes in Drosophila under Nopp140 depletion are reminiscent
of physical deformities seen in human ribosomopathies. RNAi-encoding TCom.B1/daGAL4 progeny displayed a 30% drop in Nopp140 mRNA. This loss was associated with
several defects that fall within the Minute class of mutations. (A) Crumpled wings,
missing wing margins (arrow), or fluid-filled wing blisters (arrowhead) were prevalent
defects. (B) Although less common, leg defects included bent femurs (arrow) and
gnarled tarci. (C and D) Tergite deformities were common (arrows). Most flies displayed
combinations of defects. (Adapted from Cui and DiMario 2007)
chromosome 5, NC_000005.10); haplo-insufficiency mutations in TCOF1 result in the
Treacher Collins syndrome (TCS), a ribosomopathy in which select neural crest cells
undergo p53-dependent apoptosis resulting in impaired craniofacial development
(Jones et al. 2008; Sakai and Trainor, 2009; Narla and Ebert, 2010). Treacle is a
nucleolar ribosome biogenesis factor related to Nopp140 in structure and function, but
thus far found only in vertebrates. Drosophila Nopp140 is the closest gene in Drosophila
spp. to TCOF1 in humans. Similar to NOLC1, the TCOF1 gene consists of multiple
exons. Exon 1 again encodes a LisH domain, and similar to vertebrate Nopp140, treacle
contains several repeating basic-acidic motifs comprising a large central domain (Wise
et al. 1997). As with human NOCL1, multiple exons in the TCOF1 gene encode these
repeat peptide motifs (Isaac et al. 2000).
Interestingly, when Cui and DiMario (2007) overexpressed either isoform,
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Nopp140-True or Nopp140-RGG, nucleolar integrity was perturbed; embryonic and
larval lethality ensued as well, indicating that proper expression of both isoforms is
necessary for normal development. Subsequent work by James et al. (2013) further
showed that RNAi-depletion of Nopp140 induces nucleolar stress in multiple tissues and
eventually lethality. Caspase-dependent apoptosis was triggered in the larval wing discs
upon Nopp140 depletion (by expressing Nopp140-RNAi gene, UAS-C4.2, using the
larval wing disc specific A9-GAL4 driver), leading to defects in the adult wings. Notably,
these defects were not rescued even in absence of Dp53 (A9 > Nopp140-RNAi;
p53∆/p53∆), thus suggesting that nucleolar stress in Drosophila is induced by a p53independent mechanism. Nopp140 depletion triggered autophagy in the larval polyploid
midgut cells as marked by accumulation of mCherry-ATG8a in autophagic vesicles. In
addition to this, Nopp140-depleted larvae had higher levels of phenoloxidase that was
responsible for melanin aggregate formation in the hemolymph and accumulation of
numerous melanotic masses.
Furthermore, James et al. (2013) concluded that JNK and pro-apoptotic Hid
mediate the nucleolar stress responses mentioned above. In mammals, there are
multiple forms of JNK, a protein belonging to the MAP kinase superfamily, while in
Drosophila melanogaster, there is only one JNK called basket. Indeed Nopp140depleted larvae also had elevated levels of phosphorylated (activated) JNK (pJNK) in
whole lysates from Act5C > Nopp140-RNAi larvae compared to the parental controls;
increased hid expression was also observed in these lysates from the same Nopp140depleted larvae (Fig 1.4). Earlier, McNamee and Brodsky’s (2009) reported a p53independent stress pathway in Drosophila involving JNK and its downstream effectors
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such as puckered (deactivates JNK in a negative feedback loop) and Hid upon IR
irradiation. James et al. (2013) showed in similar fashion, Nopp140-depletion resulted in
p53-independent nucleolar stress through JNK activation, and subsequent activation of
Hid to induce apoptosis. JNK has also been shown to induce autophagy through
activation of dFOXO (Wu et al. 2010) and release of phenoloxidases from crystal cells
to form melanotic masses (Bidla et al. 2007). Since Drosophila lacks identifiable
homologs of vertebrate Arf, NPM, or MDM2, James et al. (2013) proposed that JNK
could be the central effector activated in response to disruption in ribosome biogenesis
in Drosophila.
The endogenous Nopp140 gene was deleted for the first time in a metazoan
organism, Drosophila melanogaster, by He et al. (2015) using piggyback (pBac)
transposable elements, one upstream and one downstream (RB+ and WH-) of the
Nopp140 gene using the FLP-FRT system. The complete deletion of the Nopp140
gene, loss of its transcript, and the Nopp140 protein was confirmed by genomic PCRs,
reverse transcriptase-PCR (RT-PCR), and immunofluorescence microscopy
respectively. The Nopp140-/- larvae hatched, likely due to presence of maternal
Nopp140 mRNA and Nopp140 protein, however they exhibited growth arrest at the
second larval instar stage, and the majority of them died by 8 days after hatching. TEM
analysis revealed that there was a significant decrease in cytoplasmic ribosomes,
indicating insufficient ribosome biogenesis. Similar to observations made by James et
al. (2013) in Nopp140-depleted flies (discussed above), autophagosomes formed in the
cytoplasm of the Nopp140-/- cells. Hence, reduction in ribosome production due to loss
of Nopp140 induces nucleolar stress responses such as apoptosis and autophagy,
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ultimately causing lethality in the Nopp140-/- larvae. The authors also report copia-like
virus particles and many electron dense cytoplasmic granules (likely stress granules or
processing bodies) detected by TEM as another evidence of cellular stress conditions.
Ongoing work on determining proteins and factors that localize in these cytoplasmic
granules may help determine the identity of these granules and the significance behind
their formation upon nucleolar stress.
Of note here is the downstream piggyback element, WH-, which resides in the
Drosophila Delta-1-pyrroline-5-carboxylate dehydrogenase (DmP5CDh-1) gene. Hence,
after FLP-FRT recombination, the original Nopp140-/- line carries an incomplete
DmP5CDh-1 gene such that the DmP5CDh-1 enzyme, a mitochondrial protein, is
truncated by 83 residues. WH- mutation can be made homozygous; homozygous
CG7145f04633/ CG7145f04633 individuals displayed higher levels of proline than normal,
but also larval and pupal lethality. However, the homozygous larvae showed
morphologically defective mitochondria, but they had normal levels of cytoplasmic
ribosomes, indicating no defects in ribosome biogenesis pathway, Hence, the
phenotypes pertaining to the Nopp140-/- individuals was independent of the mutation in
the downstream DmP5CDh-1 gene.
He et al. (2015) further showed that while the nucleolar morphology was
unaffected in the Nopp140-/- larvae (similar to observation in yeast), the redistribution of
the rRNA methyltransferase, fibrillarin, to the nucleoplasm indicated nucleolar
dysfunction. This was confirmed by BrU labeling experiments that revealed an overall
decrease in rRNA production in the fat body cells of the Nopp140-/- larvae. After prerRNA is synthesized, it undergoes extensive cleavages and modifications. Since the
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mammalian Nopp140 associates with C/D box small nucleolar ribonucleoprotein
(snoRNPs) that guide nucleotide-specific 2′-O-methylation of the pre-rRNA, and with
H/ACA box snoRNPs that direct site-specific pseudouridylation of pre-rRNA and
snRNAs (Yang et al. 2000). He et al (2015) examined if these two pre-rRNA
modifications are altered in the Nopp140-/- larvae. They showed that the pre-rRNA 2’O-methylation level was decreased in the Nopp140-/- cells, which correlates with the
fibrillarin’s localization in the nucleoplasm and away from the nucleolus. However, the
pseudouridylation level was unaffected for the sites that were examined in the study. To
determine if rRNA processing is affected due to Nopp140 deletion, He et al. (2015)
performed a Northern analysis with a set of probes specific for the 3’ end of 18S region,
internal transcribed space 1 (ITS-1), and the 5.8S region of rDNA. They showed that the
ratio of the processing intermediates to the nascent pre-rRNA were proportional in the
Nopp140-/- and controls, hence, pre-rRNA cleavage appeared to be unaffected.
Furthermore, an increased transcription of the R2 retrotransposon, which resides within
the 28S of the silent rDNA copies, in the Nopp140-/- individuals indicated a possible role
of Nopp140 in rDNA chromatin organization. The authors propose that these
phenotypes observed in the Nopp140-/- mutants define intracellular ribosomopathies,
therefore provide a model system to study the diseased condition.
1.3.7 Nucleolar Stress and Human Diseases
While disruption of nucleolar function leading to disruption of ribosome
biogenesis is common to a class of human conditions collectively known as
ribosomopathies (discussed in detail in section 1.4), a number of other human
conditions such as cancer, neurodevelopmental syndromes, neurodegenerative
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diseases, and aging are also linked to loss of nucleolar function (Takada & Kurisaki
2015, Villacís et al. 2018, Yang et al. 2018). This is not surprising given that the
nucleolus functions in many other crucial cellular processes that includes DNA damage
response, genomic integrity, stress sensing, and cell cycle regulation, in addition to the
energy intensive process of ribosome production (Pederson 1998; Mayer & Grummt,
2005; Zhang & Lu, 2009; Boulon et al. 2010).
Pathologists have used alteration in nucleolar morphology and number as a
disease marker. In many cancers, abnormal nucleoli with irregular shapes and
increased rDNA transcription are considered to be common pathological feature
(Moskvina et al. 2013). Since cancer cells are actively dividing and growing, the need
for protein production is high in these cells. Hence, ribosome biogenesis is elevated
through oncogenes or loss of tumor suppressor pathways. For example, the oncogene
Myc is commonly overexpressed in cancer cells, and it positively regulates rRNA
biogenesis by enriching SL1 on rDNA promoter as well as increasing expression of
RNA Pol I regulatory proteins consisting largely of core factors of the RNA Pol I initiation
complex (Grandori et al. 2005, Portinga et al. 2004, Portinga et al. 2011). The Nopp140
gene in Drosophila has Myc-binding E1 site in its 5’ UTR just a few nucleotides
downstream of the transcription start site. p53, a major tumor suppressor commonly
mutated in cancers, can disrupt UBF/SL1 interaction by binding to SL1 (Zhai and Comai
2000), hence when p53 is mutated, RNA Pol I transcription is de-repressed, leading to
increased rDNA transcription. The Retinoblastoma protein (Rb) is another commonly
mutated tumor suppressors; it also interrupts the UBF/SL1 interaction, in this case UBF
binds the hypophosphorylated Rb (Voit et al. 1997; Hannan et al. 2000a, b). In addition
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to oncogenes and tumor suppressor, kinases such as CDKs, ERK, Akt, and mTOR that
are known to regulate RNA Pol I transcription are frequently upregulated in cancers.
Cancer cells may also have yet undetermined mechanisms that promote
ribosome biogenesis and nucleolar formation and at the same time suppress nucleolar
stress pathways, resulting in suppression of p53-dependent and p53-independent
mechanisms for cell growth arrest. Therefore, activating the nucleolar stress pathway
may be a novel anti-cancer therapeutic target. Retrospective studies indicated that
several chemotherapeutic agents already available mediate cell death via activation of
p53 by partly targeting the nucleolus and disrupting ribosome biogenesis (Burger et al.
2010). However, these chemical agents also target normal cells in the cancer patients
which has been a major disadvantage of chemotherapy. To circumvent this, a new class
of selective small molecule inhibitors of RNA Pol I are under clinical trials, and they are
showing promising results. For example, CX-5461 is a class of drug that triggers
nucleolar stress without inducing global DNA damage, which was initially shown to
induce p53 expression and activity, and that reduced proliferation and invasion of HiMYC tumors (Rebello et al. 2016). CX-5461 is currently in Phase I/II clinical trials for
advanced hematologic malignancies (Australia; ACTRN12613001061729) and triple
negative or BRCA-deficient breast cancer (Canada; NCT02719977).
Other new drugs such as BMH-21, CID-76547, and Inauzhin that also cause
nucleolar stress without DNA damage similar to CX-5461 have been developed. Briefly,
BMH-21 binds GC-rich regions of rDNA, potentially repressing rDNA transcription, and it
causes proteasome-dependent destruction of RPA194, the large catalytic subunit of
RNA Pol I holocomplex (Peltonen et al. 2014). CID-765471 induces nucleolar stress by
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inhibiting rDNA transcription through selective degradation of the RPA194 subunit of
RNA Pol I and activate p53 via the RPL11/HDM2 pathway (Morgado-Palacin et al.
2014). Inauzhin inhibits SIRT1, a nicotinamide adenine dinucleotide (NAD+)-dependent
deacetylase (Zhang et al. 2012), thereby promoting p53 acetylation and blocking
MDM2/MDMX-mediated p53 degradation (Vaziri et al. 2001, Cheng et al. 2003).
Recently, Inauzhin was shown to reduce the levels of nucleostemin that is essential for
rRNA processing and also inhibit inosine monophosphate (IMP) dehydrogenase 2
(IMPDH2) that was previously reported to activate p53 (Zhang et al. 2014).
Recently, Yang et al. (2018) strongly recommended developing chemical agents
targeting NPM1, given the nucleolar stress sensing role of this nucleolar protein and its
link to malignancies such as acute myeloid leukemia, anaplastic large-cell lymphoma,
and other solid cancers (Box et al. 2016). CIGB-300, an anti-cancer peptide-based drug
that inhibits Protein kinase CK2 (Perea et al. 2008) is currently in clinical phase II trial; it
is one such drug that was shown to directly bind NPM1 and induce its translocation to
the cytoplasm, thereby triggering nucleolar-disassembly mediated p53 activation
(Perera et al. 2012). Other NPM1-targeting chemical agents that have shown promising
results include NPM1 C-terminus targeting compounds, Avrainvillamide (Wulff et al.
2007, Mukherjee et al. 2015) and a G-quadruplex ligand TmPyP4 (Chiarella et al.
2013), NPM1 N-terminus targeting compounds, YTR107 (Qi et al. 2008), NSC348884
(Qi et al. 2008), and REV-NLS (Chan et al. 2005), and NPM1 central acidic region
binding RNA aptamer 1A1, a small synthetic RNA molecule that interferes with NPM1
oligomerization and causes apoptotic cell death of cancer cells (Nimjee et al. 2005, Jian
et al. 2009).
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In addition to cancer, nucleolar stress is an emerging factor in neurodegenerative
disorders such as Parkinson disease (PD), Huntington’s disease (HD), and Alzheimer’s
Disease (AD), as well as aging (Parlato and Kreiner 2013). These are chronic diseases
in which there is a progressive loss of specific subpopulation of neurons in the central or
peripheral nervous systems. Recent studies have established the link between these
neurological diseases and reduction in rRNA synthesis due to nucleolar dysfunction,
and hence aberrant nucleolar response is proposed as a key mechanism underlying
these diseases. For example, mutations in two of the genes associated with familial PD,
parkin (PARK2) and DJ-1 (PARK7), were linked to disruption of nucleolar integrity and
function, leading to reduced rDNA transcription (Antipova and Bandopadhyay 2017,
Evsyukov et al. 2017). Gertz et al. (1994) showed an inverse relationship existed
between nucleolar volume as a reflection of rDNA transcription level in dopaminergic
(DA) midbrain neurons and PD disease duration (Gertz et al. 1994). Such decreased
rDNA transcription can trigger p53 activation via the nucleolar stress response pathway,
and cause neuronal cell death (Parlato and Liss 2014). Hence, this observation
corroborates with the fact that the loss of DA neurons is associated with PD (Mann and
Yates 1982). Mouse models of PD also display decreased nucleolar volume and
disruption of nucleolar integrity (Reiker et al. 2011, Healy-Stoffel et al. 2013).
Interestingly, p53 upregulates PARK2 transcriptionally in response to oxidative stress,
and promotes antioxidant defense as a neuroprotective response (Zhang et al. 2011),
and in turn PARK2 transcriptionally downregulates p53 (Costa et al. 2009). While this
observation indicates a causative role of p53 in PD, it also demonstrates how the
inability of mutant PARK2 to regulate p53 levels could aid in the loss of neurons by p53-
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induced apoptosis.
AD is another neurodegenerative disease in which reduced rDNA expression has
been reported. AD is characterized by accumulations of b-amyloid plaques or the Tau
(Tubulin associated unit) protein, reduction of polysomal mRNA translation (Langstrom
et al. 1989), ribosome dysfunction (Ding et al. 2005), oxidative damage (Markesbery et
al. 2005), and eventually neuronal death. Tau aggregates are found not only in the
cytoplasm, but also in the NORs, nucleus, and nucleolar DFC in normal human brain
(Mahmoud et al. 2018). In AD patients, there is a correlation between disease
progression and epigenetic silencing of rDNA promoter through hypermethylation which
correlates with lowered rDNA transcription (115). Notably, Mahmoud et al. (2018)
recently showed by immunogold co-labeling electron microscopy that Tau protein within
the nucleolus colocalizes with TIP5, the major subunit of the Nucleolar Remodelling
Complex (NoRC) and a key player in heterochromatin stability and ribosomal DNA
(rDNA) transcriptional repression. Knockdown of Tau resulted in destabilization of
heterochromatin and an increase in rDNA transcription, suggesting the Tau protein’s
role in general rDNA transcription. Furthermore, nucleolar Tau redistributed like other
nucleolar proteins such as fibrillarin and nucleophosmin upon glutamate induced
(oxidative) nucleolar stress, which also decreased 45S pre-rRNA levels by 14%
suggesting a novel involvement of Tau in nucleolar stress response (Mahmoud et al.
2018). Similar to PD, reduced nucleolar size was also reported in cerebral sections of
AD patients obtained post-mortem (Mann and Yates 1988). Additionally, reduction of
mRNA level of nucleolar chaperones and regulators of rDNA transcription such as
NPM1, UBF, and nucleolin (a prominent ribosome assembly factor that regulates rDNA
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transcription in vertebrates) were reported in AD patients (Garcia-Esparcia et al. 2015).
Furthermore, studies in cellular and animal models of HD also reported a
reduction in basal rDNA transcription, indicating ribosome biogenesis failure (Lee et al.
2011). Post-mortem specimens from HD patients revealed the Huntingtin protein, which
is mutated in HD patients, as insoluble aggregates within the nucleolus (Latonen 2011).
The expanded CAG repeat region of the Huntingtin transcript was shown to interact with
nucleolin, which sequesters nucleolin away from RNA Pol I transcription machinery
disrupting rDNA transcription (Tsoi et al. 2012). This ultimately could induce p53mediate nucleolar stress response. It is worth noting here that nucleolin expression was
reduced in the substantia nigra in PD patients, thereby reducing rDNA transcription and
subsequently nucleolar stress. Nucleolin also associates with DJ-1 and α-synuclein,
both of which are associated with familial forms of PD (Jin et al. 2007).
Studies in mouse models for TIF-IA conditional knockouts in which nucleolar
stress can be induced in specific neuronal populations have provided important insights
on neurodegenerative diseases (Yuan et al 2005). Importantly, insights from these
studies confirmed that neuronal degeneration is causally correlated to nucleolar stress
and p53-mediated apoptosis. Furthermore, Reiker et al. (2011) showed that nucleolar
stress causes downregulation of mTOR in DA neuron-specific TIF-IA knockout mice.
Likewise, in TIF-IA knockout mice targeting striatal medium spiny neurons (MSNs), as
an HD model, mTOR activity is inhibited, and p53 was shown to increase the
phosphatase PTEN (phosphatase and tensin homolog deleted on chromosome 10), an
inhibitor of the mTOR signaling pathway. Interestingly, mTOR inhibition in MSNs
promotes autophagy, which sheds light on an initial neuroprotective effect triggered by
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nucleolar stress (Kreiner et al. 2013). As similar observation was made in TIF-IA
knockout mice when targeting adult hippocampal neurons; the degeneration of these
neurons is rather slow and progressive, and they survive for months (Parlato et al.
2008). While autophagy is neuroprotective in nature, this defense response is transient,
and in a long run, prolonged nucleolar stress certainly leads to mitochondrial
dysfunction and oxidative damage, and this ultimately causes neuronal death (Reiker et
al. 2011, Kreiner et al. 2013). Further identification of regulatory factors and
downstream regulators of nucleolar function as well as better understanding of the
interplay between autophagy and apoptosis in the context of neuronal cells should
broaden research avenues that lead to novel neuroprotective therapeutics.
1.4 The Ribosomopathies
Failure to make ribosomes due to mutations in genes encoding ribosomal
proteins and/or proteins involved in ribosome assembly, processing, or modification
leads to nucleolar stress. In humans, such mutations result in a class of genetic
disorders categorized as ribosomopathies (reviewed in Sakai & Trainor, 2009, Narla &
Ebert, 2010, Danilova & Gazda, 2015). There are distinct systemic phenotypes such as
craniofacial abnormalities, bone marrow failure, and skeletal defects associated with
each of the ribosomopathies. Tissue-specificity has been observed in a majority of
these conditions, and the current challenge is to identify differences in response to
nucleolar stress that lead to the tissue-specificity (McCann & Baserga, 2013, Danilova &
Gazda, 2015). Another challenge is to develop therapeutic options directly targeting
nucleolar stress to delay the disease progression. A number of other human conditions
such as cancer, neurodegenerative diseases, and aging have been associated with
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disruption of nucleolar structure and function as summarized in section 1.3.5.
1.4.1. The Treacher Collins/Franceschetti Syndrome (TCS)
The Treacher Collins/Franceschetti Syndrome (TCS) is a rare congenital birth
defect characterized by mandibulofacial dysostosis (abnormal craniofacial development)
with an estimated prevalence of 1/50,000 births (Gorlin et al. 1990). TCS was first
described by Edward Treacher Collins in 1900 (Treacher Collins 1900), and later,
Franceschetti and Klein (1949) also described this condition based as mandibulofacial
dysostosis. The clinical phenotypes associated with TCS include typical bilateral facial
deformities such as cleft palate, downward-slanting palpebral fissures (opening between
the eyelids), defect of the lower eyelid, hypoplasia of facial bones, particularly the
zygomatic (cheek) and mandibular (jaws) structures, and deformity of the external ear
resulting in conductive hearing loss (Fig 1.8). These phenotypes arise due to the loss of
a specific population of neural crest cells that give rise to the craniofacial structures.
However, intellectual disability is rarely reported in TCS individuals (Teber et al. 2004).
To date, TCS is associated with mutations in one of the three genes: TCOF1, POLR1D,
and POLR1C, with an autosomal dominant mode of inheritance reported for TCOF1 and
POLR1D and a recessive mode of inheritance for POLR1D, and POLR1C (TTCSC et
al.1996, Dauwerse et al. 2011, Schaefer et al. 2014).
The majority of studies on TCS describe haplo-insufficiency mutations in TCOF1
gene (gene ID: 6949; chromosome 5, NC_000005.10) which encodes the human
treacle protein. Treacle is a nucleolar ribosome biogenesis factor of 144 kDa that
interacts with upstream binding factor (UBF) and RNA polymerase I in the nucleolus
(Valdez et al. 2004). An in vitro siRNA-mediated knockdown of treacle resulted in
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Fig 1.8. Front or lateral view of four TCS patients with A) a heterozygous missense
mutation in TCOF1, B) an intragenic deletion of TCOF1 localized in the 3′ untranslated
region (noncoding exon 26), C) a missense mutation in POLR1D, and D) complete
deletion of POLR1D. (Figure from Vincent et al. 2016)
decreased pre-rRNA production, suggesting that treacle is essential for the proper rDNA
transcription. This is consistent with its similarity to Nopp140 in structure and function
(Chen et al. 1999). Treacle is a constituent of the human Nop56-associated preribosomal ribonucleoprotein complexes, which is responsible for 2’-O-methylation of
pre-rRNA (Gonzales et al. 2005, Hayano et al. 2003). This further supports treacle’s
crucial role in the ribosome biogenesis process. Recently, treacle was shown to
colocalize and interact with the Nijmegen breakage syndrome protein (NBS1), a critical
component of the MRE11-RAD50-NBS1 (MRN) complex, following the relocalization of
NBS1 into the nucleolus upon DNA damage (Ciccia et al. 2014). This study identified a
new role for treacle as a DNA damage response (DDR) factor that cooperates with
NBS1 in DDR. Thus far, treacle is found only in vertebrates. Similar to human Nopp140
or NOLC1, the TCOF1 gene consists of multiple exons (more than 30 (Conte et al.
2011)). Exon 1 encodes a LisH domain (Emes & Ponting, 2001), and similar to
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Fig 1.9. Repeated domains in TCOF1, polymorphisms, and mutations. Exons are
aligned to show repeating protein structure of exons 7–16. The amino acids shared by
all or the majority of exons are shown in boldface type. Amino acids that could be
phosphorylated by casein kinase are shown in green, and nuclear and nucleolar
localization signals are shown in blue. All polymorphic variations in pink and mutations
in red, found to date, are shown. The red amino acids boxed in green indicate that these
can be phosphorylated and have been shown to be mutated. (Figure from Wise et al.
1997)
vertebrate Nopp140, treacle contains several repeating basic-acidic motifs comprising a
large central domain (Wise et al. 1997) (Fig 1.9). As with human NOCL1, multiple exons
in the TCOF1 gene encode these repeat peptide motifs containing multiple casein
kinase II and protein kinase C phosphorylation sites (Isaac et al. 2000).
Treacle is required for the formation and proliferation of the neural crest cells
(Dixon et al. 2006), hence pathogenic mutations in the TCOF1 gene causes select
populations of neural crest cells to undergo p53-dependent apoptosis (Jones et al.
2008). Neural crest cells are a multipotent, stem and progenitor cell population formed
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along the entire body axis at the boundary of neural and non-neural ectoderm during
embryogenesis. These cells migrate extensive distances to the first and second
branchial arches during embryonic development, where they differentiate and proliferate
to give rise to various facial and cranial tissues such as bone, cartilage, peripheral
nervous tissue, glia, connective tissue, bones of ear and jaws, and teeth. It is the loss of
these neural crest cells that results in impaired craniofacial development in the TCS
individuals. Dixon et al. (2006) demonstrated that Tcof1-/+ mice exhibited lower levels of
28S rRNA production in the neural ectoderm as well as neural crest cells, but not in
other tissues. This suggested that treacle may function in a tissue-specific manner.
Furthermore, the disruption in ribosome biogenesis due to loss of treacle likely induces
nucleolar stress response in the neural crest cells leading to cell death by apoptosis.
The tumor suppressor p53 is a critical player in nucleolar stress response, and it
is likely involved in the neural crest cell apoptosis in Tcof1-/+ mice (Jones et al. 2008).
The craniofacial phenotypes in the Tcof1-/+ mice were successfully rescued upon
removal of one or both copies of the p53 gene which inhibited neuroepithelial apoptosis
in a dose-dependent manner. However, ribosome biogenesis was still reduced in the
Tcof1-/+ mice, even when p53 was inhibited. This suggests that other pathways not
involving p53 are responsible for the neuroepithelial apoptosis. Besides proper
ribosome biogenesis, other non-ribosomal and non-nuclear roles for treacle may be
critical during embryogenesis. For instance, loss of treacle can attenuate the DNA
damage response (DDR) because inadequate levels of treacle may prevent its
interaction with NBS1 and hence NBS1 localization to nucleoli, which is a DDR event
(Ciccia et al. 2014). This can be deleterious to stem cells that are continually
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proliferating and they need the DDR pathways to be robust and functional. Furthermore,
Larsen et al. (2014) showed that treacle-NBS1 complex regulates rRNA transcription
such that treacle-mediated NBS1 recruitment into the nucleoli silences rDNA
transcription in the presence of distant chromosome breaks. Likewise, Sakai and
Trainor (2011) suggested that in addition to the nuclear import/export signals, the LisH
motif, known to be important for dimerization and protein-protein interactions, may also
be crucial for dynamic localization of treacle. Low levels of treacle may impede the
protein’s LisH motif-mediated interaction with other cellular binding partners.
There is a substantial phenotypic variability among the TCS individuals. Since
the TCOF1 gene inherently carries a large number of polymorphisms and multiple
protein isoforms (Conte et al. 2011, So et al. 2004, Splendore et al. 2002), the
phenotypic variability among TCS individuals could likely arise from the absence of a
specific TCOF1 isoform(s). However, there is currently no evidence showing correlation
between the phenotypes and the location of mutations within TCOF1 (Teber et al. 2004,
Vincent et al. 2016).
1.4.2. Pathogenic Mutations in TCS
Previous genetic analysis of TCS individuals had revealed that the majority of the
pathogenic TCOF1 mutations were partial gene deletions or frameshift mutations
resulting in premature stop codons (M. Bowman et al. 2012). Splendore et al. (2003)
studied 70 TCS families in which 60% of the infants inherited one mutated copy of
TCOF1. They found that 42 of the TCS cases were due to sporadic mutations, 26 were
familial, and two were unclassified. Interestingly, in all three sporadic TCS cases which
were of maternal origin, Splendore et al. (2003) found a 5-bp deletion in exon 24 of
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TCOF1, which is a frequently reported mutation in TCS. More than 50% of the
pathogenic mutations in TCOF1 are clustered in exons 10, 15, 16, 23, and 24; the most
frequent mutation occurrences have been reported in exons 23 and 24 (Splendore et al.
2002). In a recent study by Vincent et al. (2016), TCOF1 was involved in 86% (72/84) of
patients with typical TCS features, and they identified 47 previously unknown mutations
spread throughout the TCOF1 gene. Of the 47 mutations, 27% resided in exons 23 and
24, whereas 7% of patients had the common 5-bp deletion in exon 24. Conte et al.
(2011) also found the 5-bp deletion in exon 24 to be the most common TCOF1 mutation
in their analysis of 16 TCS patients (3/16 patients, 18%). Therefore, exons 23 and 24
could be considered as pathogenic mutation hotspots for TCS. Exon 23 and 24 encode
the C-terminus of the TCOF1 protein, treacle, which is extremely lysine rich and
contains several potential nuclear localization signals (Wise et al. 1997). Mutation in the
exon 23 and 24 may disrupt the nuclear localization of the treacle protein, and hence
impede the protein’s function within the nucleus. An additional potential nuclear
localization signal is contained at the amino-terminal end at position 74 (KKTR). Indeed,
there are few evidences of pathogenic mutations occurring in the upstream exons of the
TCOF1 gene in TCS patients. So far, one missense mutation in exon 2 has been
associated with TCS (Splendore et al. 2002). In a 2012 study, four new missense
mutations in the Lis1 homology motif within exon 1 of TCOF1 were reported among a
total of 182 patients (M. Bowman et al. 2012). Likewise, an intragenic heterozygous
deletion, that is rare among TCS individuals, of the entire exon 3 of TCOF1 (3.367 kb
deletion) has been identified (Beygo et al. 2012). Later, Vincent et al. (2016) also
reported four cases of intragenic microdeletions within TCOF1 among 146 patients.
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These observations suggest that mutations in the first few exons are less tolerated
compared to those that result in 3’ truncations of treacle leading to impaired nuclear and
nucleolar localization. Certainly, mutations occurring closer to the 5’ end of the TCOF1
gene may produce much shorter truncated forms of the treacle protein resulting in more
severe effects.
In contrast to TCOF1, there are few cases of TCS with mutations in POLR1D,
and even fewer cases exist for mutations in POLR1C compared to the former two
genes. POLR1D and POLR1C encode RNA Pol I and III subunits respectively, and
heterozygous mutations in these genes disrupts synthesis of rRNA and small RNAs
(tRNA, 5S rRNA, snRNA) respectively. TCS caused by mutations in POLR1D and
POLR1C are named as TCS2 and TCS3 respectively. Dauwerse et al. (2011) reported
20 heterozygous mutations in POLR1D in 252 individuals, and only three TCS
individuals with homozygous mutations in POLR1C. While Vincent et al. (2016)
identified mutations in POLR1D in 6% (9/146) of TCS patients, they did not find any
mutations in POLR1C; the authors claim that no further mutations have been reported
besides the three cases in Dauwerse et al. (2011), and suggest examining existence of
POLR1C variants in individuals from different geographic or ethnic backgrounds. A
recent study of TCS3-associated missense mutations in POLR1C revealed that two
mutation in POLR1C (R279Q and R279W) led to their localization to lysosomes instead
of the nuclei, and their expression inhibited chondrogenic differentiation of mouse
ATDC5 cells (Matsumoto et al. 2018).
Most studies report a small subset of TCS patients in which causative mutation
could not be identified (Splendore et al. 2000, Teber et al. 2004, Vincent et al. 2016).

58

For instance, Vincent et al. (2016) reported 6% (4/146) of TCS patients with unidentified
molecular defects. This indicates that there may be more players involved in the
pathology of TCS. Notably, Vincent et al. (2016) also report congenital cardiac defects
among patients with TCOF1 mutation (8%; 7/92) which was not emphasized in previous
studies. The authors also describe a TCOF1 somatic mosaicism in a clinically non-TCS
individual. This is similar to the first report by Shoo et al. (2004) that describes a nonTCS mother with a heterozygous TCOF1 mutation in leukocytes, hair root bulb, buccal
mucosa, urine, and stool, but not in skin fibroblasts.
1.4.3 Other Ribosomopathies
Besides TCS, Diamond Blackfan Anemia (DBA) is another heavily studied
ribosomopathy. It is a rare disease with an incidence of ~5 cases per million live births.
DBA is caused by heterozygous mutation in at least 16 known genes encoding
ribosomal proteins (e.g. RpS19, RpL5, RpL11), and in 25% of the cases, the mutations
are in RpS19. Mutation in GATA-1 was also linked to DBA; GATA-1 is critical
transcription factor in erythroid differentiation. These mutations ultimately result in
ribosome biogenesis defects (reviewed in Danilova & Gazda, 2015) similar to TCS.
Despite this common defect, phenotypes of DBA individuals are different from that of
TCS individuals. In all cases of DBA, the hematopoietic stem cells are largely affected
resulting in pure red blood cell aplasia; non-erythroid phenotypes such as thumb
abnormalities are also present with variable severity, including both solid cancers and
leukemia (Halperin & Freedman, 1989, Vlachos et al. 2012). Both p53-dependent and
p53-independent nucleolar stress pathways have been linked to DBA phenotype
(Danilova & Gazda, 2015, Narla & Ebert, 2010, Yelick & Trainor, 2015).
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Shwachman Diamond syndrome (SDS) is an autosomal recessive disease with
an estimated prevalence of 1/77,000 live births. It is associated with bone marrow
failure and an increased risk of transformation to myelodysplastic syndrome (MDS) and
acute myeloid leukemia (AML). Skeletal abnormalities and cognitive impairment are
also associated with SDS. In 90% of the cases, SDS is caused by mutations in exon 2
of the Shwachman-Bodian-Diamond syndrome (SBDS) gene (Warren, 2018). The
SBDS protein is involved in the late cytoplasmic maturation of the large ribosomal
subunit. SBDS and the elongation factor-like GTPase 1 (EFL1) together facilitate
activation of the nascent 60S ribosomal subunit by catalyzing the removal of the antiassociation factor, eIF6, from nascent 60S ribosomal subunits (Weis et al. 2015).
Biallelic mutations in the 60S subunit assembly factor DNAJC21 have been identified in
SDS patients who are negative for the SBDS mutation. The role for p53 has not been
confirmed yet in SDS.
The 5q-syndrome is an independent subtype of a bone marrow disorder called
myelodysplastic syndrome by the World Health Organization classification system
(Vardiman et al. 2002). It is caused by deletion spanning ~40 genes in the long arm of
chromosome 5. These genes include three ribosomal proteins genes (RpS14, RpL7,
RpLP1), genes encoding two microRNAs, and other genes. The most studied 5qsyndrome mutation is the RpS14 deletion in human CD34+ cells which exhibit the 5qerythroid defect. Mouse models of 5q-syndrome show p53 accumulation and increased
bone marrow stem cell apoptosis which can be rescued by deleting p53, indicating the
role of p53-dependent nucleolar stress pathway in the 5q-syndrome pathology (Barlow
et al. 2010).
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Dyskeratosis Congenita (DC) is also a bone marrow failure syndrome with an
estimated frequency of 1 case in 1 million people. It is caused by mutations in DKC1
(20-25% of cases) which encodes dyskerin, a protein associated with H/ACA small
nucleolar RNAs that are responsible for pseudouridylation of pre-rRNA. Mutations in DC
individuals are also found in the telomerase reverse transcriptase, TERT, and in the
RNA component of telomerase, TERC (~64% of cases). Dyskerin is also a part of the
telomerase complex itself, as it stabilizes TERC. These mutations ultimately result in
telomere shortening which affects hematopoietic specification which is mediated by p53
stabilization (Fok et al. 2017).
Cartilage Hair Hypoplasia (CHH) is characterized by skeletal dysplasia,
hypoplastic hair, immune dysfunction, hematologic abnormalities (macrocytic anemia
and lymphopenia), and increased disposition to cancer (Ganapathi & Shimamura,
2008). It is caused by mutation in RMRP, which encodes a long non-coding RNA
(liRMPR). liRMRP is a component of mitochondrial RNA processing complex, RNAse
MRP enzyme that cleaves the pre-rRNA in the nucleolus and processes the 5.8S rRNA
(Ridanpää et al. 2001). CHH is the only ribosomopathy in which p53 involvement is
unknown (Núñez Villacís et al. 2018).
Other extremely rare ribosomopathies have also been identified such as BowenConradi Syndrome (mutation in EMG1, essential for mitotic growth gene), Roberts
Syndrome (mutation in ESCO2, Establishment Of Sister Chromatid Cohesion NAcetyltransferase 2 gene), and North American Indian child-hood cirrhosis syndrome
(NAIC) (mutations in CIRH1a/Utp4, a small subunit processosome component or
NOL11), but little is known about the mechanism.
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1.4.4 Tissue-specificity in Ribosomopathies
A common theme in TCS and the other ribosomopathies is that stem and
progenitor cells are the primary targets. One explanation for this is that any perturbation
in ribosome biogenesis is not tolerated by the actively dividing cells due to their high
cellular and metabolic demands. Stem cell populations need abundant supply of
ribosome for their formation, proliferation, differentiation, and migration over extensive
distances. However, this still does not explain the stem cell- and/or progenitor cellspecificity seen in the ribosomopathies, as there are many other clusters of stem cells
rapidly dividing in a developing embryo at the same time. So, why are only neural crest
cells specifically targeted in TCS upon loss of treacle? Why are only bone marrow stem
cells specifically targeted in DBA upon loss of the ribosomal protein RpS19? This is the
conundrum.
One explanation for the tissue-specific effects seen in ribosomopathies may lie in
the spatiotemporal expression of the mutated genes. For example, TCOF1 expression
in zebrafish embryos is high at the one-cell stage, and it declines to very low levels by
12 hrs post-fertilization (hpf). Then TCOF1 expression level rises back up by 24 hrs and
plateaus until the facial structures are formed, after which it falls down to background
levels (Weiner et al. 2012). TCOF1 expression is also restricted to the regions and
developmental stages wherein major morphogenetic events occur for the development
of the craniofacial structures. The neural crest cells develop and start to migrate starting
from ~15 hpf and this continues up to ~72 hpf (Schilling and Kimmel, 1994). This is also
the time when the TCOF1 protein level begins to rise in the developing neural crest
cells. When sufficient treacle levels are not reached in the TCOF1-/+ zebrafish mutants,
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the neural crest cells fail to develop and migrate, and undergo p53-dependent
apoptosis. This leads to the craniofacial abnormalities that are typical phenotypes of
TCS. On the other hand, treacle level is already high in the one-cell stage due to high
levels of maternal TCOF1 mRNA and is expressed at low levels in the embryonic stem
cell tissues that form structures other than those of head and neck. Therefore, the early
stages of development may not be severely impaired in the TCOF1-/+ mutants, and
other tissues and organs may be spared from the effects of TCOF1 loss. Similar
phenomena may explain tissue-specific phenotypes in other ribosomopathies.
1.4.5 Specialized Ribosomes and the Ribosomopathies
Emerging studies suggest that different tissues may have specialized ribosomes
with different protein subunit composition or specifically-tailored functions. This idea
emerged from a study in the yeast, Saccharomyces cerevisiae, which investigated the
roles of ribosomal protein paralogs. There are two genomic copies for 59 out of 78
ribosomal proteins, and Komili et al. (2007) found that the requirements for specific
ribosomal protein paralogs differ as shown by transcriptional and phenotypic differences
in cells lacking specific ribosomal protein paralogs. Komili et al. (2007) showed that the
translation of ASH1 mRNA requires a specific subset of the ribosomal protein paralogs,
and that the genes that were overexpressed or repressed differed when one or the
other paralog was deleted. For example, deletion of RpL7a repressed genes involved in
rRNA modification, while deletion of RpL7b had no such effects, indicating that these
paralogs have specifically tailored functions. Following this, Zhang et al. (2013) showed
that Zebrafish RpL22 and RpL22L1 have different functions; knockdown of RpL22
selectively hinders T cell lineage development, whereas knockdown of RpL22L1 impairs
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the development of hematopoietic stem cells. Mice also have RpL22 and RpL22L1
paralogs; RpL22 influences the ribosome composition by directly repressing the
expression of its paralog RpL22L1 (O’Leary et al. 2013). In RpL38 mutant mouse
embryos, the translation of a subset of Homeobox mRNAs is blocked without changes
in global protein synthesis, indicating transcript-specific translational control
(Kondrashov et al. 2011). Kondrashov et al. (2011) also report a dynamic regulation of
individual ribosomal proteins within the mouse embryo. Tissue-specific expression of
ribosomal proteins and their paralogs across 22 different tissues was also reported by
Wong et al. (2014).
Therefore, the tissue-specificity in ribosomopathies may arise from the strict
requirement for specifically modified ribosomes that alter the course of translational
program for the distinct populations of differentiating stem cells. Recently, Werner et al.
(2015) identified the vertebrate-specific ubiquitin ligase, CUL3, with its substrate adaptor
KBTBD8, that monoubiquitylates hNopp140 (NOLC1) and TCOF1, and forms a TCOF1NOLC1 platform. This platform is responsible for connecting RNA Pol I machinery with
ribosome modification factors that then causes remodeling of the translational program
of the differentiating cells to become neural crest cells. Depletion of KBTBD8 altered the
translation program of human embryonic stem cells (hESCs) differentiating into neural
crest cells as seen by RNA sequencing and ribosome profiling; however, protein
synthesis remained unaffected in the hESCs. Based on these results, Werner et al.
(2015) hypothesized that the neural crest cell specification and differentiation can be
modulated through the production of differentially modified ribosomes such that the
translational program of the differentiating stem cells change in favor of the
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differentiation pathway. The differential alteration of ribosomes may occur through
modifications such as rRNA pseudouridylation and methylation, or phosphorylation and
ubiquitylation of ribosomal proteins or ribosome-associated factors; such alterations
may contribute to the translational control of gene expression (Sloan et al. 2017).
Specialized ribosomes that are differentially altered could be generated by varying the
sub-stoichiometric levels of specific ribosomal proteins, thereby giving rise to
heterogeneous ribosomes (Shi et al. 2017). Shi et al. (2017) showed that
heterogeneous ribosomes exist within a single primary cell type, and that specific types
of ribosomes preferentially and differentially translate selective groups of transcripts that
are essential for critical cellular processes. This may explain other ribosomopathies as
mutations in genes encoding specific ribosomal assembly factors, or specific ribosomal
proteins could alter the ribosome in a way that affects the normal translational program
of the cells involved.
1.5 Overview of Drosophila melanogaster Nervous System
1.5.1. Embryonic Neurogenesis
In vertebrates, the neural tube forms by folding of the entire neuroectoderm. In
Drosophila, the neural system arises from a distinct population of neural stem cells,
called neuroblasts (NBs), that delaminate from the neuroectoderm in five successive
waves (Fig 1.10). Preceding the first wave of delamination, a combination of three
proneural genes (achaete (ac), scute (sc), and lethal of scute (l’sc)) are expressed in 10
groups of 6-8 cells per hemisegment in the embryonic neuroectoderm; these groups are
called the proneural clusters (Skeath and Carroll 1992). The three proneural genes and
a few additional genes reside on the same chromosome next to each other, and are
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Fig 1.10. Neuroblast division in the Drosophila melanogaster embryo. Neuroblasts are
derived from the neuroepithelium in the ventral neurogenic region of the Drosophila
melanogaster embryo and divide multiple times to generate ganglion mother cells
(GMCs). GMCs divide further to produce neurons and glia of the CNS. A) Schematic of
the ventral neurogenic region (red line) within a stage 9 embryo. B) Neuroblasts
delaminate basally from the neuroepithelium of the ventral neurogenic region and divide
in an apicobasal orientation. Each neuroblast division produces an apical neuroblast
and a smaller basal GMC. (Buchman and Tsai 2007)
collectively referred to as the Achaete-Scute complex (AS-C). The expression of AS-C
genes transiently increases in the delaminating NB, whereas rest of the cells in the
proneural cluster express the basic helix-loop-helix (bHLH) genes called Enhancer of
Split, E(spl), that is also expressed in the entire neuroectoderm prior to NB delamination
(Hinz et al. 1994, Knust et al. 1992, Knust et al. 1987).
Lateral inhibition in NB specification mediated by the Notch-Delta signaling
pathway plays a pivotal role in restricting neural fate to only one cell in each proneural
cluster (reviewed in Hartenstein and Wodarz 2013). Briefly, Notch (the receptor) and
Delta (the ligand) are transmembrane proteins with epidermal growth factor (EGF)-like
repeats in both of their extracellular domain that allow binding between them. Both are
ubiquitously expressed throughout the neuroectoderm. Cell-cell interaction within a
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proneural cluster, thus, facilitates the Notch-Delta signaling event. Serrate (Ser) is
another EGF-containing transmembrane protein that is a Notch-ligand in Drosophila.
Delta, Serrate, and E(spl) were identified as neurogenic genes which when mutated,
results in an increased NBs specification from the neuroectoderm. While all cells in the
proneural cluster express Notch and Delta, one cell may be slightly ahead in producing
Delta. This activates Notch signaling pathway in neighboring cells within the cluster,
which then increases the expression of E(spl). E(spl) inhibits expression of proneural
genes in the neighboring cells allowing only one cell to assume a neural fate. The
Notch-Delta-E(spl) pathway of NB specification is insufficient to explain the robust and
highly accurate lateral inhibition mechanism, since expression of E(spl) can introduce
time-delay during the transcription and translation steps. An emerging model suggests
that a cis-interaction between Notch and its ligands occurs early on in the differentiation
of the presumptive NB cell within the proneural cluster. As this cell starts to produce
more ligands, the ligands first bind to the Notch receptors within the same cell in cis;
these interactions are inhibitory and do not initiate E(spl) expression (Jacobsen et al.
1998, Li and Baker 2004). Hence, the presumptive NB cells become specified for neural
fate early on, and this cannot be reversed because the cell’s Notch receptors become
unavailable for binding ligands that are expressed in neighboring cells later on.
Additionally, within each proneural cluster, selection of one NB coincides with
changes in cell shape, size, and nuclear position; the nuclei of the presumptive NB
remain basally positioned, while nuclei of other non-neuronal cells in the cluster move
apically in preparation for mitosis (14th cell cycle) (Hartenstein et al. 1994). Following
gastrulation in the late stage 8 embryo (~3.5 hrs after fertilization), approximately 100
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Fig 1.11. Neurogenesis in Drosophila embryos and larvae. A) Time line of the two
waves of neurogenesis occurring during Drosophila development. Neuroblasts (NBs;
beige) and their sizes are depicted throughout the timeline. NBs are generated during
embryonic stages by delamination from the neuro-ectoderm. Embryonic NBs do not regrow after each division. They become quiescent during late embryogenesis but reenter the cell cycle to start a second wave of neurogenesis in larvae. Larval NBs regrow after each cell division and therefore can divide more often. During the pupal
stages, NBs disappear and this ends the second wave of neurogenesis. Different NBs
exit the cell cycle at different time points; the cartoon depicts the cell-cycle exit
mechanism described for thoracic NBs, which reduce their size until they undergo a
size-wise symmetric division and differentiate. B) A Drosophila embryo during
neurogenesis. NBs (beige) delaminate from neuroectodermal cells (green). The polarity
of the first embryonic NB division is inherited from the original epithelial cells. NBs divide
to generate a ganglion mother cell (GMC; orange) that divides once more, giving rise to
two neurons (gray). A, apical; B, basal. C) A 3rd instar larva. The larval brain is shown
in more detail, highlighting the main brain regions: ventral nerve cord (VNC) with its
thoracic NBs (dark brown) and abdominal NBs (light brown); brain lobes with optic lobes
(OL); central brain mushroom body NBs (MB; magenta); type I NBs (yellow); and type II
NBs (green). (Figure from Homem and Knoblich 2012)
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cells in length and 8-9 cells in width delaminate from the neural ectoderm, giving rise to
the 15 neuromeres (repetitive segmental units) of the ventral nerve cord (VNC)
(Hartenstein and Campos-Ortega 1984, 1985). A small cluster of these cells in the
embryonic head form the central brain hemispheres. The Drosophila larval brain
ultimately arises from approximately 100 NBs per central brain hemisphere and ~30
NBs in each hemi-neuromere in the VNC (Doe 1992, Schmid et al. 1999). These
embryonic NBs undergo 5-8 cell divisions to produce primary lineages containing 10-20
embryonic neurons each (Larsen et al. 2009) (Fig 1.11).
Embryonic NBs and most larval NBs undergo asymmetric cell division (Zhong and Chia
2008). During the asymmetric cell division, one of the daughter cells remains larger and
retains NB (stem cell) identity, whereas the smaller daughter cell (called a Ganglion
Mother Cell, GMC) divides once to give two post-mitotic terminally differentiated
neurons/glia (Fig 1.12). The asymmetric cell division involves apical-basal polarity
complexes that set up an axis of polarity in the NB, as well as proper orientation of the
spindle apparatus. The differential fate of the daughter cells is the result of the
orchestrated segregation of specific cell-fate determinants into GMCs (Fig 1.12).
For example, cell fate determinants such as prospero, numb, and brain tumor
(brat) are localized basally in a NB through binding to their mediator proteins such as
miranda and Pons (Partner-of-numb) (Ikeshima-Kataoka et al. 1997, Lee et al. 2006).
Following the segregation of the basal cell fate determinants into the GMCs, they
suppress NB identity genes and promote terminal neuronal differentiation (Bello et al.
2006, Betschinger et al. 2006, Betschinger and Knoblich 2004, Doe et al. 1991, Rhyu et
al. 1994, Shen et al. 1998). Reports show that absence of the basal cell-fate
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Fig 1.12. Asymmetric cell division in neuroblasts. Neuroblasts (NBs) divide
asymmetrically to self-renew and to generate a more differentiated daughter cell.
Deadpan (red), a nuclear marker for all neuroblasts, is a transcription factor necessary
for NB self-renewal. The Par complex (Baz, Par6 and aPKC; dark blue line) localizes
asymmetrically at the apical cortex of NBs. The Par complex recruits Inscuteable (Insc,
light blue line), which in turn recruits the Pins/Mud/Gai complex (orange line) to the
apical cell cortex. Through Mud, these apical complexes orient the mitotic spindle with
respect to the established apical-basal axis. Through a cascade of phosphorylation
events, the apical Par complex directs the cell fate determinants Numb, Pros and Brat
(green line) to the basal cell cortex. When the NB divides asymmetrically, these cell fate
determinants are segregated to the GMC, where they promote differentiation rather than
self-renewal. A, apical; B, basal. (Adapted from Homem and Knoblich 2012)
determinants such as prospero and brat causes a brain hyperplasia phenotype due to
the daughter cells failing to exit the self-renewal phase as they should, but instead they
continue to express neuroblast-specific proteins (Bello et al. 2006, Choksi et al. 2006,
Lee et al. 2006). While prospero regulates cell cycle genes, brat functions as a posttranscriptional inhibitor of dMyc (Betschinger et al. 2006).
While the loss of function of basally distributed proteins results in reduction of
post-mitotic neuron population, loss of function of the apical polarity complex proteins,
such as Inscuteable and Bazooka, results in an excess number of post-mitotic neurons
(Tio et al. 2011). Atypical Protein Kinase C (aPKC) is a component of an apical polarity
complex, aPKC/Bazooka/Par3, that promotes neuroblast self-renewal (Lee et al. 2006).
Bazooka (Baz) is another apical polarity protein, which together with aPKC (and other
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proteins), maintains apical-basal polarity of neuroblasts (Wodarz et al. 2000). Antibodies
against these cell-fate determinants can be used to determine proliferation and
differentiation profiles for a particular NB lineage. Interestingly, the embryonic
neuroblasts are twice as big as the GMCs (NBs: 10-12 µm in diameter; GMCs: 4-6 µm
in diameter; (Hartenstein et al. 1987). This difference in cell size is achieved by
asymmetry of the mitotic spindle itself, which requires aPKC/Bazooka/Par3 and the
Pins/Gai complexes that act in a redundant manner for spindle displacement (Chia et al.
2008). Additionally, substantial information on molecular markers for NBs lineages and
GMCs in the Drosophila CNS have been identified which facilitate dissection of a
particular NB lineage as well as specific progeny cell types within a lineage. For
instance, each of the ~30 VNC neuroblasts generates a unique embryonic lineage of
neurons and glia as a result of different dorsoventral and anteroposterior patterning
genes expressed in them (Doe 1992, Schmid et al. 1999). Furthermore, the sequential
expression of transcription factors Hunchback à Krüppel àPdm à Castor in a
temporally controlled fashion has been reported in many dividing embryonic NBs, while
other NBs do not strictly express them, and may involve additional factors (reviewed in
Kohwi and Doe 2013, Li et al. 2013, Urbach and Technau 2003, Isshiki et al. 2001).
This allows identification of a particular NB lineage formed at a specific developmental
time point.
1.5.2. Larval Neural System
The primary neural lineages are generated from the neuroblasts (NBs) during
embryonic neurogenesis which make up the majority of the larval brain, but only ~10%
of the primary lineages end up in the Drosophila adult brain (Ito and Hotta 1992, Prokop
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et al. 1991). An extensive postembryonic proliferation of the NBs, beginning at the first
instar larval stage and lasting up to the pupal stages, produces the secondary neural
lineages, which contribute the remaining ~90% of the adult fly brain (Ito and Hotta 1992,
Prokop and Technau 1991, Truman and Bate 1988). The anatomy of the Drosophila
larval brain consists of the two anterior central brain (CB) lobes, a ventral nerve cord
(VNC) subdivided into thoracic VNC and abdominal VNC, and the optic lobes (Fig 1.13).
Each larval CB lobe consists of 90 Type I NBs, 8 Type II NBs, and 4 Mushroom Body
(MB) NBs, in addition to a separate population of optic lobe NBs (Homem and Knoblich
2012, Bayraktar et al. 2010) (Fig 1.13). The larval VNC consists of two subpopulations
of Type I NBs that reside in the thoracic region and the abdominal region (Homem et al.
2012, Sousa-Nunes, et al. 2010). All CB and VNC NBs originate from embryonic NBs,
however the optic lobe NBs appear once the larval stage begins (Egger et al. 2007).

Fig 1.13. Anatomy of the Drosophila brain from a third instar larva. The larval brain has
two central brain lobes and a ventral nerve cord (VNC). There are four types of
neuroblasts (NBs) in a larval brain: Type I NB (grey), Type II NB (red), Mushroom body
NB (green), and Optic lobe NB (blue). The NBs are shown in their putative locations
within a larval brain.
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The majority of central brain NBs are Type I NBs that locate in the anterior and
posterior sides of the brain, whereas Type II NBs are found only in the posterior side of
the brain. Like embryonic NBs, MB NBs and Type I NBs divide asymmetrically to
produce another NB and a GMC which divides further to generate two neurons/glia (Fig
1.14). On the other hand, optic lobe NBs in the larval brain proliferate by symmetric
divisions initially, and switch to asymmetric mode in the third instar larval stage (Ceron
et al. 2001, Hofbauer and Campos-Ortega 1990). Type II NBs also divide
asymmetrically, but unlike other NBs, they produce another NB and an intermediate
neural progenitor (INP). After a series of transcriptional changes, the INPs go through a
maturation phase that takes 4-6 hrs to become a mature INP (Bayraktar et al. 2010).
The mature INPs then divide asymmetrically three to five times (Bello et al. 2008) in
Type I NB-like fashion, i.e, they generate another mature INP and a GMC that divides
once to generate two neurons/glia (Fig 1.14). This allows Type II NBs to generate more
neurons compared to Type I NBs. The INPs also generate distinct neural subtypes
which requires sequential expression of specific transcription factors such as
dichaete>grainyhead>eyeless (Omer Ali Bayraktar & Doe, 2013). Similar to Type I NBs,
Type II NBs express the transcription factor deadpan (Dpn) which is a neuroblast
nuclear marker and a key regulator of the self-renewal property of NBs (Wallace et al.
2000). While Type I NBs and INPs both have the nuclear transcription factor, asense (a
proneural gene and a member of AS-C complex), and cytoplasmic prospero (a basal
cell fate determinant that is segregated into GMCs), Type II NBs lack asense (Bowman
et al. 2008) and maintain low levels of prospero (Bayraktar et al. 2010).
Prospero is one of the key factors that regulates both NB and GMC behavior in
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Fig 1.14. Different modes of neuroblast division. A) Schematic representations of
neuroblasts (NBs, white) forming via delamination from the neuroepithelium (grey). For
most NBs this process happens in the early embryo but in the Outer Proliferation Centre
(OPC) it occurs in the larva. The OPC neuroepithelium proliferates by symmetric
divisions (represented by symmetric spindles) whereas NBs divide asymmetrically
(represented by asymmetric spindles and cleavage furrow position). Note that the origin
of Type-II neuroblasts and whether or not they derive from embryonic Type-I
neuroblasts is not yet clear. B) Three different molecular signatures and division modes
in mitotic and interphase postembryonic NBs. Mushroom Body (MB), Type-I, Type-II
and OPC neuroblasts are shown. All NB types and the INPs of Type-II lineages selfrenew (curved arrow) but the ganglion mother cell (GMC) does not. The distribution of
Deadpan (Dpn), Asense (Ase), Tailless (Tll), Prospero (Pros) and other basal and apical
determinants are shown. C) The lineage sizes of MB and Type-II neuroblasts are larger
than those of Type-I neuroblasts. This reflects, at least in part, the absence of a
quiescent period in MB neuroblasts and the presence of INPs in Type-II lineages. The
distributions of the key regulatory molecules depicted in B are shown at the late-larval
stage. (Figure from Sousa-Nunes et al. 2011)
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Drosophila CNS (Choksi et al. 2006, Doe et al. 1991). It is found basally in the dividing
NB and is transferred to the GMC cortex after cell division. Prospero then translocates
from the GMC cortex into its nucleus where it represses neuroblast specific genes and
cell cycle genes such as the cyclins, and increases expression of dacapo, a cyclindependent kinase inhibitor (Choksi et al. 2006, Colonques et al. 2011). Prospero also
binds and activates neuronal differentiation genes (Choksi et al. 2006). Hence prospero
promotes cell-cycle exit which results in terminal differentiation in all GMCs. Since Type
II NBs maintain low levels of prospero, this prevents their progeny INPs from
undergoing terminal differentiation like the GMCs do. While the immature INPs are
prospero negative and also lack deadpan (Wallace et al. 2000), the mature INPs start
re-expressing asense followed by deadpan and prospero, and begin dividing
subsequently (Bayraktar et al. 2010).
Towards the end of the embryogenesis, the majority of the embryonic NBs in the
CB and VNC enter a reversible G1 arrest (Kunz et al. 2012, Andreas Prokop and
Technau 1994, Ito and Hotta 1992); this is called quiescent phase (Fig 1.11). Lai and
Doe (2014) showed that prospero is transiently detected in the nucleus of NBs entering
quiescence, and that this pulse of low level nuclear prospero always precedes the
quiescent phase even when entry is advanced or delayed by changing temporal identity
transcription factors. Furthermore, a pulse of prospero can drive a proliferating NB into
quiescence, suggesting that prospero is crucial in controlling NB entry into quiescence.
Additionally, Lai and Doe (2014) showed that larval NBs that are in quiescent phase are
deadpan-positive, but other progenitor markers such as asense, miranda, cyclin E, and
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worniu, and the differentiation markers such as prospero, elav, and repo were all
missing.
While transitioning from embryonic to larval stages, the majority of the CB and
VNC NBs cease to divide and remain in a quiescent phase (Kunz et al. 2012, Andreas
Prokop and Technau 1994, Ito and Hotta 1992). Tsuji et al. (2008) showed that the NB
entry into quiescence is regulated intrinsically by spatial factors that involve the Hox
proteins Antennapedia (Antp) and Abdominal-A (Abd-A); Antp and Abd-A are expressed
in thoracic and abdominal VNC, respectively. Additionally, previously identified temporal
transcription factors were identified as temporal factors that contributed to NB entry into
quiescence. As the first instar larva hatches out and starts feeding, the dietary aminoacid dependent fat body-derived signal activates the insulin receptor (InR) and target of
rapamycin (TOR) pathways in the quiescent NBs (Sousa-Nunes et al. 2011). This
triggers the NBs to exit quiescence followed by an increase in cell size and entry into
mitotic cycles. Ito and Hotta (1992) had reported a linear increase in BrdU positive
clusters of secondary lineage cells on the brain surface from 20 to 50 hrs after larval
hatching (ALH). This suggested that not all NBs exit quiescent together and renter
mitotic cycle; instead different NBs start producing their secondary lineages at different
time points. The thoracic NBs are known to start enlarging 18-26 hrs ALH and enter a
second wave of neurogenesis at around 31-36 hrs ALH (Truman and Bate 1988).
Recently, Lovick and Hartenstein (2015) determined the timeline of reactivation of
roughly all NBs by administering short pulses (4 hrs by feeding) of hydroxyurea (HU).
HU inhibits ribonucleotide reductase that blocks DNA synthesis without affecting gene
transcription or translation processes, and it is lethal to S-phase cells. Hence, a 4 hr HU
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pulse ablates a specific population of NBs and GMCs that are at S-phase during the
pulse window, thereby allowing identification of the NBs that have exited the quiescent
phase. This study revealed that an average of six lineages in addition to the MB
lineages and Antennal lobe (AL) lineages are already in S-phase between 20-24 hrs
ALH; another 33 lineages have joined 24-28 hrs ALH, and an average of 22 lineages
join between 28-32 hrs ALH; 19 lineages appear in the 32-36 hrs ALH interval, and only
two lineages appear after 36 hrs ALH. Indeed, MB NBs and AL NBs proliferate
throughout embryogenesis, in contrast to all other brain NBs which enter quiescence in
the late embryo (Kunz et al. 2012, Andreas Prokop and Technau 1994, Ito and Hotta
1992).
During the larval stages, each NB undergoes hundreds of cell divisions (~1 hr per
division) and re-grows into its original size, unlike the embryonic neuroblasts that grow
smaller with each division (Homem and Knoblich 2012). Hence, larval NBs maintain a
constant volume throughout the larval stages, indicating that cell size is likely one of the
factors that contributes to the stem-cell property of the NBs. The anterior domains of the
larval brain retain the original number of embryonic neuroblasts that undergo extensive
divisions, unlike those in the posterior domains that are pruned during larval
development (reviewed in Egger et al. 2008). This results in dramatic increase in
volume of the central brain lobes compared to the VNC during larval stages.
Interestingly, different NB subpopulations disappear at distinct times by different
mechanisms. For instance, most NBs in the abdominal VNC die by apoptosis which is
mediated by a burst of Abdominal-A (Abd-A) Hox protein during larval stage (Bello et al.
2003). On the other hand, a reduction in cell size followed by a terminal symmetric
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division mark the end of the proliferative state for the majority of the CB NBs and
thoracic VNC NBs (Maurange et al. 2008); this is mediated by the entry of prospero into
the nucleus of the shrinking NBs which then promotes terminal differentiation. Type II
NBs are known to terminate via Reaper-Hid-Grim (RHG)-dependent apoptosis rather
than prospero-dependent cell cycle exit (Maurange et al. 2008). While CB and thoracic
VNC NBs cease dividing ~20-30 hour after pupa formation (APF), MB NBs are the last
to disappear which occurs ~85-90 hours APF (Ito and Hotta 1992). Decline in nutritional
supply in the pupal stages decreases the insulin/PI3K signaling that results in nuclear
localization of Foxo (Forkhead box class O) transcription factor. This triggers reaperdependent apoptosis and autophagy of the MB NBs (Siegrist et al. 2010). The origin of
the MB lineages and their properties are discussed in the following section.
Although the Drosophila brain is much smaller than the mammalian brain, similar
conserved molecular mechanisms governing asymmetric cell division also exists in the
mammalian neural system (Zhong and Chia 2008). For instance, neural progenitors in
the human outer subventricular zone (that populates the adult cerebral cortex) and
Drosophila Type II neuroblasts both generate intermediate neural progenitors (INPs)
(Bayraktar and Doe, 2013). Additionally, just as in mammals, the Drosophila brain
comprises a diverse set of distinctive neuroblast lineages generated from a fixed set of
founder neuroblasts (NBs); the spatially and temporally controlled cascade of
transcription factors described above contributes to such diversity (Isshiki et al. 2001,
Urbach and Technau 2003, Homem and Knoblich 2012). Recently, Lacin and Truman
(2016) also mapped NB lineages of the VNC and paired each of the neurons in the
adult fly brain’s VNC with the corresponding neurons in the larval VNC. With such
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conserved mechanisms governing the basic aspects of neural development and the
availability of genetic tools and reagents to follow individual lineages throughout
development, the Drosophila neural system can be an incredible model system to study
various aspects of neurogenesis, and cellular functions that impact neurogenesis.
1.5.3. Mushroom Body Neuroblast Lineages
Drosophila Mushroom Bodies (MBs) (previously known as corpora pedunculate) refer to
a pair of prominent central brain (CB) structures that originate from four embryonic MB
NBs per CB lobe (Fig 1.15, 1.16). Kunz et al. (2012) identified a group of 10-12 cells in
the dB region of neuroectoderm (NE) from which four MB NBs originate, and showed
that each MB NB emerges from a single NE progenitor cell (Fig 1.17). Within these NE
cell clusters, four partly overlapping subgroups of 4-6 cells generated MB NBs of distinct
identities. Lateral inhibition mediated by Notch signaling seems to be less efficient in MB
NB specification from the NE because the number, size, and position of MB NBs are
unaffected in Notch mutants; however, the number of other NBs increases as indicated
by expression of the NB-specific marker, deadpan (Kunz et al. 2012). Prokop and
Technau (1994) showed that mutation in the mushroom body defect (mud) gene
increased the number of MB NBs and their progeny Kenyon cells in the CB without
affecting their proliferation period, whereas an increased proliferation time was
observed for abdominal NBs, anterior VNC NBs, and lateral CB NBs. This indicated that
the mud gene plays a role in preventing over-segregation of NE cells to become MB
NBs.
The MB neuropil is encased in a thin sheath of glia lamellae, and the MB lineage
cells stay within this boundary. The MB lineage is comprised of two types of cells:
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Fig 1.15. GAL4 strains labeling all of the Mushroom Body (MB) lobes (light green) of
adult Drosophila brain. The applied color illustrates the depth (see scale bar [25 mm] for
the color code). All types of the Kenyon cells were strongly labeled by 238y. Outside the
MB, this line labeled the optic lobe, superior protocerebrum, pars intercerebralis, and
many neurons surrounding the entire subesophageal ganglion. In OK107, all the
subdivisions of the MB were strongly and uniformly labeled. Outside the MB, we
observed strong reporter signals in the optic lobe, antennal lobe, pars intercerebralis,
and cells on the subesophageal ganglion. (Figure from Aso et al. 2009)
intrinsic neurons that form the MB neuropil and several non-intrinsic neurons that form
connections with other regions of CB lobes and the VNC. At the end of embryogenesis,
each MB NB generates an estimated 100 to 300 intrinsic neurons (Armstrong et al.
1998, Ito and Hotta 1992, Technau and Heisenberg 1982) called Kenyon cells, after
Kenyon (1896). Through continuous MB NB proliferation going into the pupal stages
(~85-90 hours APF (Ito and Hotta 1992)), the adult MB neuropil in each CB lobe is
densely packed with around 2000-3000 Kenyon cells per brain lobe (Aso et al. 2009,
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Fig 1.16. Organization of the mushroom body in the Drosophila late embryo/early larva.
(A-C) Shown is the mushroom body (MB) in the right brain hemisphere in dorsal view.
A) Composite confocal image of OK107(ey)>CD8::GFP visualizes the morphology of
the whole MB. CD8::GFP is detected in g-neurons (gn) and the four mushroom body
neuroblasts (MBNBs; asterisks in A,C,E) in the late st17 embryo. B) Three- dimensional
reconstruction of the MB in the early L1 based on OK107(ey)>CD8::GFP expression. C)
Scheme illustrates the four clonal subunits of the larval MB. g-neurons form axonal
tracts running through the peduncle (Pe) into the medial (mL) and vertical (vL) lobe and
dendritic branches in the calyx (Ca). D) MBs in a lateral view within the CNS of the late
embryo. E) Co-expression of Ey and OK107(ey)>CD8::GFP in all cell bodies of the late
st17 MB cortex (Cx). a, anterior; p, posterior, d, dorsal; v, ventral; m, medial; Lj, lobe
junction; Sp, spur. (Figure from Kunz et al. 2012)
Technau and Heisenberg 1982). The number of Kenyon cells vary greatly in other
insects: 50,000 in Acheta (field cricket), 170,000 in the honeybee, and 200,000 in
Periplaneta (cockroaches) (Schürmann 1987). Each MB NB generates three types of
Kenyon cells in a sequential manner: g neurons until mid-third instar stage, a’ and b’
neurons until late third larval stage, and a and b neurons during pupal stages; each
neuron sends out projections to specific lobes (Ito and Hotta 1992, Crittenden et al.
1998, Lee et al. 1999, Zhu et al. 2003, Kunz et al. 2012) (Fig 1.17). These Kenyon cells
extend their dendrites into cup-shaped protrusion of the MB called the calyx, and in
case of larval brains, the axons of the g neurons form the MB peduncle which then
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bifurcates into the vertical a and medial b lobes (Lee et al. 1999). In adult brains, three
axonal projection groups, a/b, a’/b’, and g/heel, form the peduncle which splits into five
distinct lobes: the a and a’ vertical lobes, and b, b’, and g medial lobes (Crittenden et al.
1998, Ito et al. 1997, Kunz et al. 2012). The embryonic g neurons of each MB NB
lineage extend their axons to innervate MB lobes in a unique spatiotemporal manner
(Kunz et al. 2012). Interestingly, the axonal outgrowth of g neurons belonging to one MB
lineage is independent of that of g neurons from other three MB lineage (Kunz et al.
2012).

Fig 1.17. Sequential generation of different subtypes of MBNB daughter cells during
embryonic and postembryonic MB development. MBNBa-d derive from four individual
progenitor cells within mitotic domain dB of the procephalic neuroectoderm (pNE; st7,
left side). During embryonic development they generate g-neurons and different types of
ni-neurons projecting into the contralateral hemisphere or ipsilateral VNC; ni-type2neurons (ni-t2) are generated exclusively by MBNBa. The numbers and temporal
pattern of birth and the differentiation of the various types of neurons differ in a lineagespecific manner. By contrast, during postembryonic development, all MBNBs develop
identical subsets of intrinsic neurons. Whereas embryonic MBNBs do not produce glial
cells, this remains questionable for postembryonic MBNBs (see Ito et al. 1997, Lai and
Lee, 2006). Data for postembryonic stages are adapted from the literature (Ito et al.
1997, Lee et al. 1999, Yu and Lee, 2007)]. Other abbreviations are as Fig 1.15. (Figure
from Kunz et al. 2012)
While each embryonic MB NB generates its lineage-specific intrinsic and nonintrinsic cell populations with characteristic shapes and sizes in a fixed temporal order
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(Kunz et al. 2012), the four postembryonic MB NBs generate almost identical repertoire
of intrinsic Kenyon cells that form the adult MBs (Ito et al. 1997). The embryonic
lineages generated by each MB NB also differ in the total number of progeny neurons,
the types of neurons generated, and their axonal projection patterns, which is unlike the
postembryonic MB lineages that are identical for all four MB NBs (Kunz et al. 2012). At
the early embryonic stage, each MB NB(a-d) expresses a unique combination of
regulatory genes, Dac, Ey, and Rx: MB NB(d) never expresses Dac; before embryonic
stage 13, Rx is not found in MB NB(c) and Ey not in MB NB(b)/(c) (Kunz et al. 2012).
Using these markers, it is possible to trace individual embryonic MB NBs and their
lineages throughout embryonic development. Recently, Yang et al. (2016) performed
NB-lineage specific transcriptome analysis by using robotic sorting to isolate specific
NBs types, including the MB NBs. The analysis identified 70 transcription factors (TFs)
that are common throughout all NBs types, such as worniu, grainyhead, deadpan, and
asense, and 68 differentially expressed TFs from the pairwise transcriptome
comparisons among the MB, AL and Type II NBs. Among these, there were seven TFs
that are specifically expressed in MB NBs: retn, ap, Rx, opa, drm, hbn, and oc. Further
study of this RNA-seq dataset may uncover essential gene regulatory networks
responsible for the development of complex structures of the MBs.
During the embryo-to-larva transition period, MB neuroblasts (NBs) and Antennal
lobe (AL) NBs keep proliferating, while the majority of other NBs enter a period of
quiescence (Kunz et al. 2012, Andreas Prokop and Technau 1994, Ito and Hotta 1992).
During this transition phase, the MB NBs divide independently of dietary nutrients
(amino acids availability) and PI3-kinase activity (Lin et al. 2013, Sipe and Siegrist,
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2017), whereas other quiescent NBs require dietary amino acids and PI3-kinase activity
to exit the quiescence phase (Sipe and Siegrist 2017). When Sipe and Siegrist (2017)
knocked down Eyeless, a transcription factor required for MB neuropil formation
(Kurusu et al. 2000), by RNAi and withdrew dietary amino acids from larva diet for 7
days, the number of EdU-labeled MB NBs (NBs in S-phase of cell cycle) declined
compared to the control. The number of EdU-labeled MB NBs increased once the
larvae were fed with an amino acid-rich diet, suggesting that Eyeless uncouples MB NB
proliferation from dietary amino acids. On the other hand, overexpression of Eyeless
ectopically led to non-MB NBs dividing independently of the dietary nutrients, thus
indicating that Eyeless is responsible for preferential amplification of a subset of NBs in
the larval brain under nutrient poor conditions.
Similar to Type I NBs, the MB NBs divide asymmetrically to generate another NB
and a GMC which divides once to produce two neurons. MB NB lineages are more
extensive than Type I NB lineages because the MB NBs do not cease to divide
throughout development until late pupal stages (Fig 1.14). The embryonic MBs,
however, do not generate glial cells (Kunz et al. 2012). As the MB NBs proliferate
continually through larval stages, they produce a small population of glial cells that form
the Kenyon cell cortex (Ito et al. 1997). Some of the embryonic neurons likely persist
specifically in the g lobe of the adult brain, even when a large-scale reorganization of the
MBs occurs during pupal stages (Armstrong et al. 1998). The Kenyon cell fiber number
declines sharply during first few hours of metamorphosis, and then rises again within 24
hrs (Technau and Heisenberg 1982). Hence an incomplete but extensive degeneration
of larval MB structure is followed by a steady regrowth of Kenyon cells to give rise to the
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adult MB, specifically the α and β lobes (Armstrong et al. 1998). Transcription factors,
dachshund and eyeless, have been implicated in proper axon guidance and branching
of MB neuron during pupation (Martini and Davis 2005, Noveen et al. 2000). While
dachshund mutants had significantly small-sized vertical lobes (a and a’) and
disorganized horizontal lobes (b, b’, and g) (Martini and Davis 2005),
The Drosophila MBs are essential for olfactory learning and memory (Thum and
Gerber 2019, Davis 2011, Heisenberg 2003, Jefferis et al. 2002, Heisenberg 1998).
Approximately 1300 olfactory receptor neurons (ORNs, the first order olfactory neurons)
found in the antenna and maxillay palps of the fly receive input from the environment
and send axons into the antennal lobe (AL), the primary olfactory center. In AL, the
ORNs make excitatory synapses with second order olfactory neurons found in ~43
synapse-dense processing regions called glomeruli (Davis 2011). The second order
olfactory neurons are the projection neurons (PNs) and the local interneurons (INs)
found in the antennal lobe, and uniquely, these neurons have reciprocal dendrodendritic connections in insects. The PNs innervating each glomerulus transmit olfactory
information to the third order olfactory neurons that includes the MB neurons and
neurons in the lateral horn of the fly brain. The dendrites of MB neurons found in the
calyx receive information from the PNs, and depending upon the MB neuron type
involved, the information is transmitted to distinct MB lobes. Ultimately, the MB is the
central hub where various sensory information integrates to form memories, and there
are fundamental anatomical similarities between the Drosophila and mammalian
olfactory system. Therefore, Drosophila MB has been a powerful system to study genes
and underlying cellular and molecular mechanisms of learning and memory (Lee 2015).
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Recently, Jones et al. (2018) performed a transcriptome analysis in the MB after
courtship conditioning which involves male reducing courtship attempts for several days
after experiencing rejection from a mated unreceptive female, indicating acquisition of
long term memory (LTM). When they compared transcript level changes at two time
points, 1 hr and 24 hrs, after the conditioning, they found more changes at 1 hr
compared to 24 hrs in both the MB and the whole head samples. While developmental
genes were downregulated and sensory response genes were upregulated in the whole
head sample, genes specifically related to LTM, such as RNA-binding proteins stau and
Orb2, including calcium-mediated neurotransmitter release and cAMP signaling were
upregulated in the MBs one-hour after memory acquisition. Additionally, the neuron
activity inducible genes such as Hr38 and sr, which had not been implicated as
significant in several previous studies on memory acquisition, were specifically
upregulated in the MBs. The expression of these genes returned to baseline levels after
24 hrs. On the other hand, genes known to be involved in metabolic function were
downregulated in MBs. The authors conclude the transcript level changes in MBs after
memory acquisition occur within 30-60 min of memory acquisition, and those changes
are transient; therefore, transcriptome sampling time is a crucial factor in studying
learning and memory related roles of the MBs. The high specificity for LTM relevant
genes upregulation in the MBs during memory acquisition also highlights MBs’
involvement in learning and memory.
1.6 Hypothesis
Loss of overall nucleolar integrity and disruption of any of the steps involved in
ribosome biogenesis leads to cell cycle arrest and apoptosis, which is described as
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nucleolar stress. With the availability of genetic tools and reagents to identify and track
individual lineages throughout development, the Drosophila neural system is an
incredible model system to study nucleolar stress in specific neuroblast (NB) lineages.
We hypothesize that different larval neuroblast lineages respond variably to nucleolar
stress induced by the loss of Drosophila Nopp140, nucleolar phosphoprotein of 140
kDa; specifically, we propose that some neuroblast lineages will exhibit moderate
reduction in their progeny size, whereas others will exhibit significant reduction of
progeny cells or even a complete loss of the lineage entirely.
Our study reveals that the Mushroom Body (MB) NB lineages exhibit a milder
phenotype compared to other NB lineages in the Nopp140-/- larval brains. This
suggests that the MB NB lineages seem to tolerate nucleolar stress, for reasons that
are still unknown.
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CHAPTER 2. NUCLEOLAR STRESS IN DROSOPHILA NEUROBLASTS AS A
MODEL FOR HUMAN RIBOSOMOPATHIES
2.1 Introduction
The nucleolus is a site of ribosome biogenesis where RNA polymerase I (RNA
Pol I) synthesizes pre-ribosomal RNA (pre-rRNA) from tandemly repeated ribosomal
DNA (rDNA) genes. In Drosophila, the rDNA repeats are found within centromereproximal nucleolar organizers on both the X and Y chromosomes, each containing
between 200–300 tandem rDNA repeats. The 38S pre-rRNA synthesized by RNA Pol I
undergoes cleavages and multistep processing to generate 18S, 5.8S, and 28S rRNAs.
These rRNAs are chemically modified guided by box C/D small nucleolar ribonucleic
acids (snoRNAs) (2’-O-methylation) and box H/ACA snoRNAs (pseudouridylation)
(Wang et al. 2002, Yang et al. 2000, reviewed by Bachellerie et al. 2002). The 5S rRNA
is synthesized by RNA Pol III from the 5S rDNA repeats located in the second
chromosome. Finally, the mature 18S rRNA is assembled with 32 ribosomal proteins
into the small ribosomal subunit, and the mature 28S, 5.8S, and 5S rRNAs are
assembled with 46 ribosomal proteins into the large ribosomal subunit (Lecompte et al.
2002).
Efficient ribosome biogenesis has high energy cost and requires optimum cell
growth conditions. Approximately 60% of total transcription is devoted to rRNA, and
2000 ribosomes are assembled per minute in an actively growing yeast cell (Warner
1999). Any perturbation to the ribosome biogenesis pathway results in disruption of cell
homeostasis which is known as nucleolar stress (Golomb et al. 2014, Tsai and
Pederson 2014, Yang et al. 2018). In humans, failure to make ribosomes due to
mutations in ribosomal proteins and/or nucleolar proteins involved in ribosome
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assembly, processing, or modification result in diseased states categorized as
ribosomopathies (reviewed in Narla and Ebert 2010). There are distinct phenotypes
associated with each of the ribosomopathies. Tissue-specificity has been observed in a
majority of these conditions (McCann and Baserga 2013); the most prevalent
dysfunctions include craniofacial abnormalities, bone marrow failure, and skeletal
defects.
Diamond Blackfan Anemia (DBA) is one of the ribosomopathies caused by
heterozygous mutation in at least 11 known genes encoding ribosomal proteins (e.g.
RpS19, RpL5, RpL11). In all DBA individuals, the hematopoietic stem cells are largely
affected resulting in pure red blood cell aplasia; non-erythroid phenotypes such as
thumb abnormalities are also present with variable severity. Another ribosomopathy, the
Treacher Collins Syndrome (TCS), is a congenital birth defect caused by mutation in
one of the two TCOF1 alleles (on chromosome 5) (Sakai and Trainor 2009). The
TCOF1 gene encodes for treacle, a nucleolar phosphoprotein that is involved in
ribosome biogenesis. In TCS individuals, the neural crest cells that migrate to and
populate craniofacial regions in the developing embryo, are affected the most, whereas
the trunk neural crest cells are spared. Failure of ribosome production leads craniofacial
neural crest cell death by apoptosis in a p53-dependent manner (Jones et al. 2008),
and this results in the craniofacial defects, such as slanting eyes, deformed check
bones and chin, and malformed ears, all with variable penetrance. A TCS-like
phenotype also results from a mutation in RNA Pol I and III subunit genes, POLR1C
and POLR1D, in humans (Dauwerse et al. 2011). Further studies in zebrafish showed
that POLR1C and POLR1D are particularly expressed in craniofacial tissues in a
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dynamic manner, and homozygous mutants exhibit craniofacial deformities similar to
TCS-individuals (Noack Watt et al. 2016). Furthermore, their loss-of-function results in
reduced cytoplasmic ribosomes, p53-dependent neuroepithelial cell death, and loss of
migrating neural crest cells.
A common theme seen in these ribosomopathies is that stem and progenitor
cells are the primary targets. Indeed, the deficiency in ribosome biogenesis is simply
unable to meet the high cellular and metabolic demands of the multi-potent stem cell
population (bone marrow cells and neural crest cells) for the purpose of their formation,
proliferation, and migration over extensive distances (Dixon et al. 2006). However, we
still do not fully understand why specific stem cell and progenitor cell populations versus
others become primary targets in the ribosomopathies such as DBA and TCS.
In order to investigate the underlying mechanism contributing to the stem cell- or
progenitor cell-specificity in human ribosomopathies such as the TCS, we propose to
study nucleolar stress in the Drosophila larval neuroblasts induced by loss of Nopp140
(Nucleolar and Cajal body phosphoprotein of 140 kDa) as a model system for the TCS.
Like Treacle, Drosophila Nopp140 orthologues contain alternating acidic and basic
motifs constituting a large central domain (Cui and DiMario, 2007). Treacle and
Nopp140 also share similar roles such as in guiding site-specific 2’-O-methylation of
rRNA (by C/D-box snoRNPs) and/or acting as a chaperone for snoRNP assembly
(Gonzales et al. 2005, Hayano et al. 2003, He et al. 2015). With such crucial roles in
ribosome biogenesis, Nopp140 depletion in Drosophila induces nucleolar stress such
that cell death occurs either by apoptosis (in progenitor cells) in a p53-independent
manner or by autophagy (in polyploid gut cells) (James et al. 2013; James et al. 2014).
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Similar cell cycle arrest and apoptosis events occurs in TCS individuals within the
neural crest cell population, with the important difference that the apoptosis in
mammalian neural crest cells is p53-dependent (Jones et al. 2008), and apoptosis in
Drosophila imaginal disc cells is p53-independent (James et al. 2014). As a result of the
loss of cell populations in a Nopp140 depletion background, adult flies acquire physical
deformities such as malformed legs, wings, missing bristles, and fused cuticles, all
reminiscent of TCS (Cui and DiMario 2007). These deformities in adult flies are typical
of the phenotypes seen in Drosophila Minute mutations that reside in genes encoding
ribosomal proteins.
With an aim to understand the neural crest cell specificity observed in the TCS
individuals, we decided to study the effects of nucleolar stress in cell types of the
closest origin/resemblance in Drosophila. This is the neural stem cell population. Just as
in mammals, the Drosophila brain comprises a diverse set of distinctive neural stem
cells or neuroblast (NB) lineages generated from a fixed set of founder NBs; the
spatially and temporally controlled cascade of transcription factors contributes to such
diversity (Homem and Knoblich 2012). In a Drosophila larval brain, there are primarily
four major neuroblast types; namely, Type I NBs, Type II NBs, Mushroom Body (MB)
NBs, and Optic lobe NBs (Fig 1.13). Here we show that Mushroom Body NBs are more
resilient to the effects of nucleolar stress compared to other neuroblasts types. Hence,
different neuroblast lineages respond variably to nucleolar stress which is reminiscent of
the neural crest cell-specific effects of the loss of Treacle in TCS individuals, while other
stem cell populations in the individual are somehow spared. This shows that nucleolar
stress in Drosophila larval neuroblasts can serve as a model system to study human
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ribosomopathies, and hence, the findings presented here may help us understand more
about the mechanisms that govern selective stem cell-specific sensitivity to nucleolar
stress in these human disorders.
2.2 CRISPR-mediated Disruption of the Nopp140 Gene
Previously, a Nopp140 gene deletion was achieved in Drosophila melanogaster
by using FLP-FRT recombination between FRT-sites found in pBac elements flanking
the Nopp140 gene on the third chromosome (He et al. 2015). One of the parental fly
lines contained an RB+ element upstream of Nopp140 transcription start site, and the
other fly line contained a WH- element downstream of Nopp140 and within the last
coding exon of the downstream gene, P5CDh1, encoding Proline 5carboxydehydrogenase 1. The latter could pose problems in characterizing the
Nopp140 deletion lines because, ultimately, all the heterozygous or homozygous
Nopp140 deletion fly lines carried a truncation in the 3’ coding region of the P5CDh1
gene. Hence, the phenotypes for larvae homozygous for the WH- element (WH-/-) were
carefully characterized and compared to those from Nopp140 gene deletion, as
reported by (He and DiMario 2011). Luckily enough, no overlap in phenotypes of the
two lines has been observed thus far. Nevertheless, we still needed a clean Nopp140-/line in which only the Nopp140 gene is disrupted, and this for two reasons: 1) although
the homozygous disruption of the P5CDh1 gene in the Nopp140-/- line had no effect on
the phenotypes occurring from the loss of Nopp140, the fact remains that the Nopp140/- line with WH-/- background cannot be considered a truly homozygous Nopp140
deletion line. 2) We would benefit greatly time-wise and in saving resources in the long
run by not having to include the additional WH-/- control group for every experiment.
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Therefore, to generate a clean Nopp140 homozygous disruption line, we employed the
CRISPR-Cas9 gene editing tool and targeted the second exon of Nopp140.
The CRISPR system has recently emerged as a powerful yet simple technique
that has revolutionized our ability to precisely manipulate the genome of various
organisms including Drosophila melanogaster. Used as a defense system in bacteria
and archaea, CRISPR comprises a ~20 nt sequence in the guide RNA (gRNA) that
anneals to the target DNA sequence which is cleaved by an endonuclease, Cas9 found
in the Type II CRISPR system in Streptococcus pyogenes. Cleavage occurs in a very
precise position within the targeted sequence (Jinek et al. 2012). If the target DNA
sequence is a gene, the gene is rendered inactive as a result of indels (insertions and
deletions of base pairs) introduced in the CRISPR targeted region which shifts the
reading frame to create a null mutation. Recent development in this technique has
allowed researchers to precisely modify specific nucleotides within a gene and
essentially introduce point mutation or incorporate screening markers (Doudna and
Charpentier 2014, Knott and Doudna 2018). Previous work by Gratz et al. (2014)
demonstrated Homology Directed Repair (HDR)-mediated incorporation of large DNA
sequences (~1 kb) containing eye-specific DsRed fluorescent marker gene recombined
into the CRISPR target site. Therefore, we produced a plasmid cocktail containing two
gRNA-containing plasmids (gRNA#52 and gRNA#99 that target two sites 321 bp apart
in the second exon) and a donor plasmid carrying the DsRed selection marker flanked
by homology sequences (arms) (Fig 2.1). CRISPR optimal target finder tool
(http://tools.flycrispr.molbio.wisc.edu/targetFinder/index.php) provided 217 possible
gRNA target sites within the Nopp140 second exon. Six of the 217 gRNA target sites
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had zero off-targets, which was also verified by Genome wide TagScanner
(http://ccg.vital-it.ch/tagger/tagscan.html). Out of the six, two gRNAs (gRNA#52 and
gRNA#99) were chosen to be cloned into the pCFD3-dU6:3gRNA plasmid. The
Nopp140 second exon sequence immediately upstream of gRNA#52 target site and
immediately downstream of gRNA#99 target site were cloned into the donor plasmid
pDsRed-attP as the homology arms. The DsRed gene is expressed under the 3xP3 eye
promoter which is active in the entire embryonic and larval brain as well as in the adult
eyes. This cocktail of two gRNA plasmids and a donor plasmid was injected into
embryos of a homozygous Cas9 transgenic fly line (Fig 2.1).
During the first two attempts at disrupting the Nopp140 gene, we used vasaCas9 as the Cas9 transgenic line. The vasa promoter is active in germline cells and
most of the somatic cells (Renault 2012). The first injection mix contained of 75 ng/uL of
each gRNA plasmids and 350 ng/uL DsRed donor plasmid (500 ng/uL total, which is the
maximum recommended plasmid concentration that can be injected with minimal
toxicity to the embryos). None of the embryos injected with this first mixture survived.
This is because the amount of gRNA plasmids injected were high enough to cause
biallelic disruption of the Nopp140 gene in somatic cells, which certainly lead to larval
lethality.
For the second attempt, we reduced the gRNA and DsRed donor plasmid
concentrations by almost half of what we had in our first attempt (35 ng/uL gRNA
plasmid each and 240 ng/uL DsRed Donor plasmid; 310 ng/uL total), and the vasaCas9 transgenic flies were again injected. This helped lower the lethality rate, but not to
a significant extent. Only 6 larvae hatched and one out of the two that survived into
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gRNA#52

Embryos

nanos-Cas9
transgenic flies

gRNA#99

Cas9 is expressed in
germline cells under
nanos promoter.

3’ arm
pDsReddonor

5’ arm

Cas9-gRNA complex
gRNA#52

5’ arm (500 bp)

Second exon of Nopp140 (1650 bp)
gRNA#99

3’ arm (421 bp)

321 bp deletion

HDR

DsRed gene

DsRed-disrupted Nopp140

CRISPR targeting DsRed gene

Non DsRed-disrupted Nopp140
Mutated DsRed gene

Fig 2.1. CRISPR-mediated disruption of the Nopp140 gene. A cocktail of plasmids
containing two guide RNA plasmids, gRNA#52 and gRNA#99, and a donor plasmid with
the DsRed selection marker, pDsRed-donor, was injected into embryos from a
transgenic fly line expressing Cas9 in the germline cells, nanos-Cas9. The two guide
RNAs directed the Cas9-gRNA complexes to two specific sites located 321 base pairs
apart on the second exon of Nopp140 gene (blue bar; 1650 bp total). Following Cas9gRNA mediated cuts at the two sites, homology-directed recombination (HDR) with the
donor plasmid resulted in the DsRed sequence insertion (1320 bp total) into the second
exon of Nopp140 gene (red arrow represents the DsRed gene; light grey region
represents plasmid sequence flanking the DsRed gene in the pDsRed-donor plasmid).
The second exon sequence flanking the gRNA target sites, i.e. 421 bp 3’ arm and 500
bp 5’ arm, were cloned into the pDsRed-donor plasmid that served as homology region
for HDR. After selection of the Nopp140 disruption lines, the DsRed gene was
disrupted using CRISPR (indicated by red arrow turning dark grey). This disruption was
by NHEJ to create INDELS in the DsRed gene, while still maintaining the Nopp140
gene disruption.
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adults carried the DsRed marker. Unfortunately, the marker had landed on the Xchromosome, rather than in the Nopp140 gene, as a result of an off-target insertion by
the CRISPR system.
For the third and successful attempt, we used a different Cas9 transgene, nanosCas9 (Ren et al. 2013) that has a more specific germline expression of Cas9 compared
to the vas-Cas9 transgenic line used for previous injections. Disrupting Nopp140 in
somatic cells of the embryo, in addition to germline cells, may have hindered overall
embryonic growth which explains the high lethality of the injected embryos in the first
two attempts. In this third attempt, we also lowered the gRNA plasmid concentrations to
15 ng/uL each, and DsRed donor plasmid concentration to 230 ng/uL (260 ng/uL total).
This would lower the extensive lethality resulting from the hyper-active CRISPR system;
however, it would also compromise the efficiency of CRISPR targeting. The third round
of injections produced 126 healthy adult flies, which was a significant improvement
compared to the previous two attempts. From those 126 adults, we isolated seven
independent Nopp140 disruption events with mutations within the second exon of the
Nopp140 gene by using the DsRed-positive eye phenotype as a selectable marker (see
workflow in Fig 2.2 A). Each of Nopp140 disrupted chromosomes were balanced over
the TM3-GFP balancer chromosome and maintained as seven independent Nopp140
disruption fly lines (J11, J47, J54, J60, K13, M6, M20). The GFP reporter gene present
on the TM3-GFP balancer chromosome is expressed in the larval gut tissue, and the
adult flies have serrated wings and stubble bristles as dominant markers. Among the
seven lines, J11 DsRed/TM3-GFP was backcrossed with TM3-GFP balancer fly line
over six generations to dilute off-target mutations, if any, in the J11 DsRed line. After
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A

B
J11 DsRed//TM3-GFP, Ser ♂
Backcrossed over 6 generations
with TM3-GFP, Ser//Sb ♀

J11 DsRed//TM3-GFP, Ser

(Stock)

Self-cross
(Progeny)

J11 DsRed//TM3-GFP, Ser
heterozygous Nopp140 disruption;
GFP expressed in larval gut

TM3-GFP, Ser//TM3-GFP, Ser
Embryonic lethal

J11 DsRed//J11 DsRed
homozygous Nopp140 disruption;
No GFP expressed in larval gut

Fig 2.2. CRISPR-mediated Nopp140 gene disruption workflow. A) Approximately 200
nanos-Cas9 transgenic embryos were injected with a cocktail of plasmids targeting the
Nopp140 gene for CRISPR-gene editing. 62 male and 64 female adult flies survived the
injection, and each individual fly was immediately crossed with w1118 flies in separate
containers. The F1 progeny from this cross was screened for the DsRed insertion.
Seven separate Nopp140 gene disruption lines were identified as marked by the DsRed
positive eyes in the newly eclosed adult flies. Only the DsRed-positive males from the
F1 progeny were crossed with virgin females of the third chromosome balancer line,
TM3-GFP, which contained the Serrated wing dominant marker on the TM3-GFP
chromosome and the Stubble bristle dominant marker on the other homologous third
chromosome (Ser/Sb). Following this, the male and female progeny with the genotype
DsRed/TM3-GFP, Ser were self-crossed and maintained as Nopp140 disruption fly
lines. B) For the J11 DsRed//TM3-GFP disruption line, male progeny with genotype
DsRed/TM3-GFP, Ser were backcrossed with the TM3-GFP, Ser/Sb virgin females for
six generations. After a self-cross of the J11 DsRed/TM3-GFP, Ser flies, larvae with
homozygous disruption of Nopp140 were individually hand-selected based on the lack
of GFP signal in their gut tissue.
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inter se crosses of J11 DsRed/TM3-GFP flies, we hand-selected larvae that were
homozygous for the Nopp140 disruption by screening against the prominent GFP signal
in the gut tissue derived from the TM3-GFP balancer chromosome (Fig 2.2 B).
The DsRed insertion within the second exon of Nopp140 and the 5’ and 3’ end
insertion sites were verified by genomic PCR (Fig 2.3 A, B). The genomic sequences
downstream (with respect to the Nopp140 gene) of the DsRed gene insertion site were
identical, and an 1836 bp PCR product was amplified in all Nopp140-/- lines as
expected, with the w1118 line acting as a negative control. However, the genomic
sequences upstream (with respect to the Nopp140 gene) of the DsRed gene insertion
site varied; all seven Nopp140 disruption lines, except J47 and J54, had the expected
1529 bp PCR product amplified with primers Nopp140-First intron-Forward (pink arrow)
and DsRed-Forward (red arrow) (Fig 2.3 B). In lines J47 and J54, there was an
additional 227 bp deletion within the 421 bp (donor) homology region of Nopp140
second exon, upstream of the DsRed insertion region (Fig 2.3 C). The mechanism that
led to exactly 227 bp deletion during two independent CRISPR events is intriguing, but
yet unknown to us. Sequence reads spanning the Nopp140 second exon upstream of
DsRed insertion site and the inserted DsRed sequence for all seven Nopp140 disruption
lines are provided in Appendix B.
We have molecularly and phenotypically characterized and verified one of the
seven lines, named J11 DsRed, by comparing it to the previous, well-documented
Nopp140 deletion line, KO121 (He et al. 2015). Similar to the KO121 larvae, overall
larval growth was impaired in the J11 DsRed larvae, and these larvae did not develop
beyond the second instar larval stage (Fig 2.4 A).
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Fig 2.3. Genomic PCR verification of CRISPR-generated Nopp140 disruption fly lines.
A) Genomic DNA was extracted from ~30 adult flies of the seven Nopp140
heterozygous disruption lines that were balanced with the TM3-GFP chromosome, and
the w1118 fly line that served as a negative control. The region downstream of the DsRed
insertion site within the second exon of Nopp140 gene was verified by genomic PCR.
Forward primer, DsRed-Reverse (red half arrow), anneals at the 3’ end of (Fig cont’d.)
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the DsRed gene, and the reverse primer, Nopp140-Exon2-1556-Reverse (blue half
arrow), anneals on the Nopp140 second exon but outside of the downstream homology
arm that was incorporated into the donor plasmid. The expected 1836 bp PCR product
was amplified in all seven Nopp140 disruption lines but not in the w1118 fly line. B) The
region upstream of the DsRed insertion site was verified by genomic PCR. The forward
primer, Nopp140-First intron-Forward (pink half arrow), anneals in the first intron of the
Nopp140 gene, outside of the upstream homology arm that was incorporated into the
donor plasmid. The reverse primer, DsRed-Forward (red half arrow), anneals at the 5’
end of the DsRed gene. The expected 1529 bp PCR product was amplified in five of the
seven Nopp140 disruption lines (J11, J60, K13, M6, M20), but not in the w1118 fly line. A
shorter PCR product of 1302 bp was amplified in two Nopp140 disruption lines, J47 and
J54. C) The 1302 bp short PCR product amplified from J47 and J54 genomic DNA in
Fig 2.3 B was sequenced. A 227 bp deletion within the Nopp140 second exon upstream
of the DsRed insertion site occurred in both J47 and J54 lines compared to the other
disruption lines. A sequence read is provided.
For the purpose of immunofluorescence assays in the Drosophila brain, the
DsRed marker had to be removed since the fluorescent protein is extensively expressed
in the embryonic and larval brain, bowlig organs, hind gut, and anal pads (Fig 2.4 B).
We again employed CRISPR-Cas9 to disrupt the DsRed gene (by Non-Homologous
End Joining (NHEJ)) in the one of the Nopp140 disruption fly lines, J11 DsRed. CRISPR
optimal target finder (http://tools.flycrispr.molbio.wisc.edu/targetFinder/index.php)
provided 38 gRNA target sites with 5’ G within the DsRed gene. Twelve out of the 38
gRNA target sites had no matches in the Drosophila melanogaster genome. Among the
twelve gRNAs, two gRNA target sites with CGG-3’ PAM sequence, gRNA#2 and
gRNA#3, were chosen; they targeted the DsRed gene at two sites 119 bp apart from
each other (Fig 2.5 A). A cocktail of the two gRNA plasmids and pBS-Hsp70-Cas9
vector (Addgene plasmid #46294; a codon-optimized Cas9 nuclease under the control
of the Drosophila hsp70 promoter) was injected into the J11 DsRed embryos. We
obtained several independent fly lines with mutations in the DsRed gene of the J11 fly
stock. We then sequenced the second exon region of the Nopp140 gene in two of the
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Fig 2.4 Larval growth and DsRed expression pattern in the J11 DsRed line. A)
Comparison of J11 DsRed (arrows) and w1118 larvae at day 1, 3, and 5 ALH shows that
overall larval growth is affected upon loss of Nopp140. B) The DsRed gene inserted
within Nopp140 gene in J11 DsRed line is expressed under the 3xP3 promoter in the
whole larval brain, bowlig organs, hind gut, and anal pads as shown in the J11 DsRed
larva at day 4 ALH.
non-DsRed J11 fly lines, A7 and A5, and verified that each had a short deletion at the
gRNA#3 target site within the DsRed gene (Fig 2.5 B). Either the J11 DsRed fly line or
the non-DsRed J11 fly line, A7, were used for the experiments described in this chapter.
To test if the disrupted Nopp140 gene is being transcribed in homozygous J11
larvae (day 1-2 ALH), we carried out an RT-PCR analysis. We used a reverse primer
(pDsRed-attP near BglII site, referred to as pDsRed in Fig 2.6 A) that anneals to the
pDsRed-attP plasmid sequence a few base pairs downstream of the junction between
Nopp140 second exon and the DsRed donor sequence to synthesize cDNA from
transcripts generated from the non-DsRed J11 Nopp140 alleles. With this RT-PCR
condition, no transcripts were detected in the J11 sample, similar to the w1118 sample
that was used as a negative control (Fig 2.6 A). This eliminates the likelihood of a
dominant-negative effect due to abnormal protein production from the mutated Nopp140
alleles in the J11 larvae. There are mRNA surveillance mechanisms that block
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Fig 2.5. CRISPR-mediated DsRed gene disruption in the J11 DsRed fly line. A) The
DsRed gene disruption was achieved by targeting two sites within the gene with two
gRNAs, gRNA#2 and gRNA#3. Small deletions were detected at the gRNA#3 target site
in two of the DsRed-negative fly lines, A5 and A7, that were isolated after the CRISPR
gene editing event. B) The DsRed genomic region was sequenced in J11 DsRed, A5,
and A7 fly lines. Sequence comparison revealed that A5 line had a 20 bp deletion at
gRNA#3 target site, whereas A7 line had a 14 bp deletion at the same site as A5 line.
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Fig 2.6. RT-PCR analysis of J11 Nopp140 disruption line. A) Schematic diagram shows
the first and second exons of Nopp140 from wild-type and non-DsRed J11 Nopp140
disruption line (i.e. with mutated DsRed gene) and the forward and reverse primers
used for RT-PCR analysis of Nopp140 transcript levels in w1118 and J11 larvae at day 12 ALH. No cDNA was synthesized with pDsRed reverse primer in the J11 Nopp140
disruption line, suggesting a full repression of Nopp140 gene as a result of the DsRed
insertion within second exon. cDNA was reverse transcribed from the wild-type
Nopp140 transcripts in w1118, which would be the maternal Nopp140 mRNA in case of
J11 Nopp140 disruption line, using Exon2-421 reverse primer. p-value (Student’s t-test;
two sample equal variance) = 0.019* B) RT-PCR analyses of ETS, ITS2, R2, Hsp26,
RpL32, and Actin5C transcript levels were carried out in w1118 larvae at day 1-2 ALH
and J11 larvae at two time points, day 1-2 and 5-7 ALH. Gene-specific reverse primers
were used to synthesize the corresponding cDNA strands, and the PCR reactions were
carried out in triplicates per first strand cDNA sample.
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translation of improperly processed pre-mRNAs and degrade improperly/incompletely
spliced mRNAs by nonsense-mediated decay (NMD) (Lodish et al. 2000). It is possible
that the inserted DsRed sequence introduces a premature stop codon in the mRNAs
transcribed from the DsRed-disrupted Nopp140 alleles. These transcripts are quickly
degraded by NMD as cells detect abnormalities in them. Hence, after inter se crosses of
J11/TM3-GFP flies, hand-selected homozygous Nopp140 disruption progeny larvae that
lack GFP provided a systemic null phenotype (Nopp140-/-).
Next, we wanted to determine if there were maternal Nopp140 transcripts
present in the Nopp140-/- larvae at day 1-2 ALH. To do this, we performed RT reaction
using a reverse primer (Nopp140 Exon 2 at 421-Reverse, referred to as Exon2-421 in
Fig 2.6 A) that anneals to the Nopp140 second exon a few base pairs upstream of the
junction between Nopp140 second exon and the DsRed donor sequence. cDNA
synthesized by this reverse primer would indicate presence of maternal Nopp140
mRNA in the total RNA sample from Nopp140-/- larvae, since the DsRed-disrupted
Nopp140 transcripts were undetectable in them. The RT-PCR showed that maternal
Nopp140 transcripts were present in the Nopp140-/- larvae at day 1-2 ALH in the same
total RNA sample used for the previous RT analysis, but at lower levels compared to the
w1118 larvae (Fig 2.6 A).
RT-PCR analysis detecting ITS2 (Internal Transcribed Sequence 2) and ETS
(External Transcribed Spacer) regions of pre-rRNA showed that their levels were
unaffected in J11 DsRed Nopp140-/- larvae at day 1-2 ALH and day 5-7 ALH, indicating
no effects on rDNA transcription upon loss of Nopp140 (Fig 2.6 B). A similar observation
was made in the Nopp140 deletion line (KO121) by He et al. (2015). Furthermore, R2
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retrotransposons that normally reside within the 28S region of transcriptionally silent
rDNA repeats were now upregulated in J11 DsRed larvae at day 5-7 ALH, but not at
day 1-2 ALH. This suggests that the normally silent rDNA repeats may be activated
under nucleolar stress conditions upon loss of Nopp140. Hsp26 transcript levels were
also significantly upregulated in J11 DsRed larvae at both day 1-2 and day 5-7 ALH,
whereas the wild-type larvae had very low, almost undetectable, levels of Hsp26
transcript (Fig 2.6 B). Wang et al. 2004 identified Hsp26 and Hsp27 as one of the 13
genes that respond to environmental stress such as heat, oxidants, and starvation; in
their study, they showed that overexpression of either Hsp26 or Hsp27 augmented the
flies’ resistance to stress and increased lifespan by 30%. The overexpression of Hsp26
in J11 DsRed larvae as early as day 1 ALH growth implies that the larvae are under
stress, and that the Hsp26 chaperone may aid the larvae in overcoming the cellular
effects brought upon by loss of Nopp140. As controls, we chose to access RpL32 and
Actin5C transcript levels; while RpL32 transcript levels remained unchanged between
the wild-type and J11 samples and between biological replicates, Actin5C transcript
levels fluctuated within the samples and between biological replicates for reasons that
remain unknown.
2.3 Maternal Nopp140 Protein is Detected in the J11 Nopp140-/- Brain at Early
Larval Stages, but at Lower Levels Compared to the Wild-type Brain
Since the RT-PCR analysis showed that maternal Nopp140 transcripts persist in
the J11 Nopp140-/- larvae at day 1-2 ALH, we wanted to check if the Nopp140 protein
can be detected in their brain and gut tissue. To do this, we immunostained the
Nopp140-/- and wild-type (w1118) larval tissue with an antibody against Nopp140-RGG
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Fig 2.7. Nopp140-/- and wild-type (w1118) larval tissue immunostained with an antibody
against Nopp140-RGG protein isoform. A) Images of central brain lobes of wild-type (a,
b, e, f) and Nopp140-/- brains (c, d, g, h) from larvae at day 1-2 and 4-5 ALH
immunostained with anti-Nopp140-RGG (red) (Cui and DiMario 2007) are provided. All
nuclei were stained with DAPI (blue). Arrows in panel a indicate four neuroblasts per
brain lobe with large nucleoli labeled with anti-Nopp140-RGG. B) Zoomed-in images of
panel a and c, respectively in Fig 2.7 A, showing the wild-type and the Nopp140-/central brain lobes from larvae at day 1-2 ALH are provided. Dashed circles mark a
subset of Nopp140-RGG-positive nucleoli present in the larval brains. C) Images of
wild-type (a-d) and Nopp140-/- (e-h) gut tissue from larvae at day 1-2 and 4-5 ALH
immunostained with anti-Nopp140-RGG are provided. Nucleolar Nopp140-RGG was
detected in the Nopp140-/- larval gut cells at day 1-2 ALH, but not in the gut cells at day
4-5 ALH.
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(one of the two Nopp140 isoforms). At day 1-2 ALH, Nopp140-RGG was detected in the
Nopp140-/- larval brain and gut tissue, but at a lower level compared to wild-type (Fig
2.7 A, panels a-d for brain; Fig 2.7 C, panels a, b, e, f for gut tissue). There were fewer
and small-sized Nopp140-RGG labeled nucleoli in the Nopp140-/- larval brains
compared to the wild-type (Fig 2.7 B, nucleoli marked by dashed circles). Four-to-five
large-sized nucleoli per brain lobe were detected in the wild-type larval brains, which we
speculated to be the Mushroom Body neuroblasts that do not undergo quiescence and
continue to divide through embryo-to-larva transition (indicated by arrows in Fig 2.7 A,
panel a and in Fig 2.7 B); we did not observe this in the Nopp140-/- brains. Unlike in the
wild-type larvae, the Nopp140-RGG immunostaining signal diminished in the Nopp140/- brain and gut tissue as larval stages progressed. By day 4-5 ALH, Nopp140-RGG
signal significantly diminished in the Nopp140-/- larval brain and gut tissue compared to
the wildtype (Fig 2.7 A, panels e-h for brain; Fig 2.7 C, panels c, d, g, h for gut tissue).
These results suggest that the Nopp140-RGG isoform synthesized by translating the
maternal Nopp140-RGG mRNA persists in the first two days of the Nopp140-/- larval
stages, which then quickly diminishes as the larvae ages.
2.4 Embryonic and Larval Survivability of Nopp140-/- Disruption Lines and under
RNAi-mediated Knockdown of Nopp140
The CRISPR-mediated Nopp140 disruption lines contain a third chromosome
balancer, TM3, that consists of multiple inversions preventing recombination events with
the other third chromosome homologue carrying the disrupted Nopp140 gene, thereby
preserving the gene disruption within the fly stock. Additionally, fly embryos carrying two
TM3 chromosomes are non-viable. Hence, for the F1 generation of an inter se cross
from the Nopp140-/TM3 fly line, we expected the percentages of viable embryos
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(hatched larvae) to be 50% and 25% for the genotypes Nopp140-/TM3 and Nopp140-/respectively, assuming an absence of embryonic lethality caused by the Nopp140
disruption. We found that only 20.8% of total embryos that developed into larvae were
of genotype Nopp140-/TM3 compared to the expected 50% (Fig 2.8 A), and only 7.1%
of the total embryos that developed into larvae were of genotype Nopp140-/- compared
to the expected 25%, if not lethal (Fig 2.8 A). Hence, these data on the effects of
Nopp140-depletion induced nucleolar stress on Drosophila indicates that loss of
Nopp140 leads to partial embryonic lethality under both homozygous and heterozygous
Nopp140 disruption genetic backgrounds. Additionally, this suggests that Nopp140 may
exhibit haploinsufficiency similar to Treacle minus genotypes in humans (the Treacher
Collins Syndrome).
A previous report on the Nopp140-/- homozygous deletion in Drosophila
indicates that loss of Nopp140 leads to severe developmental problems resulting in
growth arrest and definitive lethality at the second instar larval stage (He et al. 2014).
We investigated the J11 Nopp140-/- larval survivability and found that 50% of the total
Nopp140-/- larvae died at day 6 (which is when the pupal stage normally begins) (Fig
2.8 B). The remaining 50% of J11 Nopp140-/- larvae failed to grow in size and did not
undergo pupation. The number of living J11 Nopp140-/- larvae dwindled as days
progressed, and to our surprise, some of them lived for up to 24 days (Fig 2.8 B).
Using a neuroblast-specific worniu-GAL4 driver, we also expressed RNAi against
Nopp140 using the UAS-TComC4.2 line (Cui and DiMario 2007) that causes 70%
depletion of Nopp140 transcript levels. We found that the embryonic survivability was
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Fig 2.8. Embryonic and larval survival assay upon complete or partial loss of Nopp140.
A) A survival assay was carried out for embryos either homozygous (Nopp140-/-; a
GFP-negative gut) or heterozygous (Nopp140-/TM3-GFP; GFP-positive gut) for the
Nopp140 gene disruption line, J11, and for w1118 line as a control. A set number of
freshly laid embryos were collected from well-yeasted grape fruit juice plates (n = 2;
total number of embryos per replicate for w1118 : 200 and 299, and for Nopp140-/TM3GFP stock : 230 and 111). For the next two days, the number of larvae that hatched out
were logged, and the percent viable embryos was determined: the number of larvae
hatched/total number of embryos * 100. Embryos that are homozygous for the TM3
balancer chromosome are lethal at the embryonic stage. B) A set number of newly
hatched J11 Nopp140-/- larvae were collected from a well-yeasted grape juice plate,
and the number of living larvae was recorded, and the larvae were transferred to a new
juice plate in the following days until all larvae had perished. Three replicates (number
of larvae per replicate: 70, 42, 62) of the larval survival assay are shown in the plot. C)
Embryonic lethality and larval survivability upon Nopp140 depletion by RNAi using
worniu-GAL4 driver (specific for all embryonic and larval neuroblasts) and UASTComC4.2 (Nopp140-RNAi line; Cui and DiMario 2007) was tested. Compared to
86.7% of the w1118 embryos (n = 3; number of embryos per replicate: 161, 246, 286),
only 46.8% of the collected embryos with Nopp140 depletion (worniu-GAL4>C4.2, n =
3; number of embryos per replicate: 94, 127, 152) hatched and developed into 3rd instar
larvae, after which all larvae developed into adults (not shown).
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around 46% in the Nopp140 knockdown group, while the wildtype embryo survival rate
was around 86% (Fig 2.8 C). Those Nopp140 knockdown larvae that survived
developed into viable and fertile adults which suggests that neuroblasts are highly
sensitive to nucleolar stress during embryonic stages, and that the sensitivity diminishes
past a certain critical point, which remains undefined. While worniu promoter is active in
all neuroblasts, embryonic and larval, it is possible that the promoter is most active
during early embryonic stages. This may explain the normal survivability of the Nopp140
knockdown larvae that hatch out.
2.5 Hypoplastic Brain Phenotype upon Nucleolar Stress
Analysis of the larval brain morphology in Nopp140-/- larvae as well as neuronspecific RNAi targeting of Nopp140 indicated that larval brain development was
severely impaired under the loss of Nopp140 as marked by a hypoplastic brain
phenotype. During the early larval stage, 1-2 days ALH, the J11 Nopp140-/- brains were
morphologically comparable in terms of size to the brains of wild-type newly hatched
larvae. As development progressed, however, the mutant’s brain continued to grow, but
more slowly than wild-type larval brains (Fig 2.9 A). Beyond 5-6 days ALH, the J11
Nopp140-/- larval brain did not grow any bigger in size. The larval brains from the
Nopp140-/- deletion line, KO121 (He et al. 2015) also exhibited a hypoplastic phenotype
similar to the J11 Nopp140-/- disruption line (Fig 2.9 A). Likewise, brain growth was
impaired in Nopp140 depleted larvae in which UAS/GAL4 system was used to express
Nopp140 RNAi under the pan-neuronal Neurotactin-GAL4 (Figure 2.9 B). The
hypoplasticity of larval brain could be the result of either reduced cell number or cell
size, or both. In the following experiments, we showed that both, the reduction in cell
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Fig 2.9. Drosophila larval brain development is impaired under nucleolar stress induced
by the loss of Nopp140. A) Figure shows larval brain development in KO121
(homozygous Nopp140 deletion, He et al. 2015), J11 (CRISPR-mediated homozygous
Nopp140 disruption), and wild-type (w1118) starting at day 1 after larval hatching (ALH)
until day 7 and day 13 ALH. Unlike the wild-type larvae, the KO121 and J11 larval
growth is arrested at the second instar stage, and hence, the larvae fail to pupate and
instead linger for days as larvae. KO121 and J11 larval brains at day 13 ALH are
shown, however the wild-type has developed into adult flies by day 13 ALH, hence an
adult fly brain is shown. B) RNAi-depletion of Nopp140 using pan-neuronal GAL4 driver,
Neurotactin (Nrt)-GAL4, and the UAS-TComC4 (Nopp140 RNAi line) resulted in
impaired larval brain development similar to that seen in Nopp140 homozygous deletion
background. Representative larval brains at day 4-5 ALH comparing the Nopp140
depleted brain with the control sibling (not expressing RNAi against Nopp140) are
provided. C) Immunostaining with antibody against Discs large (Dlg; green) in second
instar wild-type larvae (w1118) and J11 Nopp140-/- larvae at day 2-3 ALH. The anti-Dlg
stained neuropile bundles in the whole brains, and revealed the unstained mass of cell
bodies (arrows in the CB). All nuclei are stained with DAPI (blue).
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number as well as cell size, contributed to the hypoplastic brain phenotype in Nopp140 /- and Nrt>Nopp140-RNAi larvae.
A larval brain can be grossly divided into two structures: the cell body mass and
the neuropile. Cell body mass represents the cell bodies of neurons, whereas neuropile
represents the axon bundles. We immunostained brains from J11 Nopp140-/- and
wildtype larvae at day 2-3 ALH with an antibody against discs large (anti-Dlg). This
antibody stains all the axon bundles (neuropile) such that the unstained region of the
brain (DAPI stained) represented the cell body mass. We found that the wildtype brains
had more cell body mass, especially in the central brain lobes, compared to the
Nopp140-/- brains (Fig 2.9 C). The neuropile in the central brain was also reduced in the
Nopp140-/- brains, but no significant physical defects were observed in the neuropile
within the VNC. Based on these results, we hypothesized that upon loss of Nopp140,
there are overall fewer neuroblasts in larvae as a result of complete loss of a subset of
neuroblast lineages, and that the existing neuroblasts were dividing at a slower rate
compared to neuroblasts in a non-stressed condition.
2.6 Reduced Neuroblast Number and Proliferation under Nucleolar Stress
Under nucleolar stress due to loss of Nopp140, the cell body volume fails to grow
resulting in hypoplastic central brain lobes and a narrower ventral nerve chord (VNC).
When we expressed a cell membrane protein tagged with GFP (mCD8-GFP) in all
neuroblasts using worniu-GAL4 driver, we observed a significant reduction in the
number as well as the size of neuroblast (NB) lineages in the entire brain of J11
Nopp140-/- larvae (Fig 2.10 A; see cross scheme). The central brain lobes of Nopp140/- larval brain isolated from larvae at day 5 ALH had fewer clusters of mCD8-GFP
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B

Fig 2.10. Neuroblast number declines upon nucleolar stress. A) Cross scheme to obtain
larvae expressing a GFP-tagged cell surface protein, mCD8-GFP, under worniu
promoter in larval brains, with either homozygous Nopp140 disruption (Fig cont’d.)
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(Nopp140-/-; panels b, d) or heterozygous Nopp140 disruption (Nopp140-/TM3-GFP;
control sibling; panels a, c) genetic backgrounds, is provided. worniu promoter is active
in all neuroblast (NB) types in larval brain, hence all NBs and their lineages were
labeled with the cell surface marker in the central brain (CB) and the ventral nerve cord
(VNC). At day 5 ALH, group of cells that originated from each NB (white arrows in panel
c) were large in number and clearly visible in the VNC of the control sibling brain, but
such clusters of progeny cells were absent around the NBs (white arrows in panel d) in
the VNC of the Nopp140-/- brains. B) Deadpan (Dpn)- stained NBs (anti-Dpn used at
1:200) in the Nopp140-/- larval brains were present at day 1 through day 6 ALH. In
panels a and c, exactly four NBs (indicated by arrows) per central brain lobe have more
intense signal compared to the surrounding NBs. All images with Dpn-staining were
captured at the same exposure and laser settings at the confocal microscope.
labeled NB lineages, and they were smaller in size compared to those of the control
siblings’ brains (Nopp140-/TM3-GFP). Furthermore, we found GFP labeled NB without
any progeny cells, namely Ganglionic Mother Cells (GMCs) or neurons, in the VNCs of
Nopp140-/- larval brains, while the control brains had several large clusters of GPF
labeled NB lineages (Fig 2.10 A). This result suggested that by 5 days ALH, there were
fewer NBs in the central brain of Nopp140-/- larvae, and that those that are there may
not be dividing as robustly as in the control larvae. More strikingly, VNC NBs in the
Nopp140-/- brains had almost completely stopped dividing while still maintaining their
neuroblast identity as indicated by mCD8-GFP expression under worniu promoter.
To further confirm that NBs are indeed present in the Nopp140-/- larval brains,
although majority of them may have stopped proliferating, we immunostained Nopp140/- brains from larvae 1 to 6 days ALH with anti-Deadpan. Deadpan (Dpn) is a neuroblast
transcription factor necessary for the self-renewal property of neuroblasts, and antiDeadpan is commonly used as a neuroblast nuclear marker. In larval brains from all age
groups, we found Dpn-stained NBs, although the intensity of the Dpn-signal got weaker
with the age of the larvae (Fig 2.10 B). Strikingly, in larvae at day 1-2 ALH and
sometimes at day 3 ALH, we consistently noticed four NBs in each central brain lobe
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that had the most prominent Dpn-staining signal compared to the surrounding Dpnstained NBs (Fig 2.10 B, arrows in panels a and c). The surrounding weakly Dpnpositive but small sized NBs could be quiescent NBs as Lai and Doe (2014) observed.
These NBs could be in their quiescence phase but continue to express the deadpan
transcription factor.
Next, we performed a Click-iT EdU labeling assay to test if there were fewer
dividing neuroblasts in Nopp140-/- brains compared to those in the wildtype. The assay
used a 2 hrs EdU pulse in wildtype and Nopp140-/- larval brains at day 1, 2-3, and 6
ALH. EdU is a thymidine analog which is incorporated into DNA in cells at S-phase of
the mitotic cell cycle, and hence these cells are committed for cell division. After EdU
pulse, the brains were fixed with paraformaldehyde, and the EdU molecules were
fluorescently labeled by Click-iT chemistry. The larval brains were then immunostained
with anti-Dpn to detect NBs. The Nopp140-/- larval brains had fewer EdU-positive cells
compared to the wild-type brains in all three age groups (Fig 2.11 A). A subset of the
EdU-positive cells in both Nopp140-/- and wild-type brains were NBs as indicated by
nuclear Dpn staining in the same cells. At day 1 ALH, Nopp140-/- brains had a smaller
number of progeny EdU-positive cells as compared to wild-type (Fig 2.11 A, compare
EdU-positive cells in panels b (Nopp140-/-) and e (wild-type)). Both Nopp140-/- and
wild-type larval brains at day 1 ALH had four closely clustered EdU- and Dpn-positive
NBs on the anterior end of the central brain (CB) which is the region where the four
Mushroom Body (MB) NBs reside (Fig 2.11 A, marked by arrows in panels a, b, d, e).
Interestingly, at day 2-3 ALH, we consistently observed four EdU- and Dpn-positive NBs
in the Nopp140-/- larval brains (Fig 2.11 A, marked by arrows in panels g and h); the
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Fig 2.11. Neuroblast proliferation is reduced upon nucleolar stress. A) A comparison of
Nopp140-/- and wild-type (w1118) larval brains at day 1 (a-f), 2-3 (g-l), and 6 (m-r) ALH is
shown after EdU-labeling assay followed by anti-Deadpan (anti-Dpn used at 1:250)
immunostaining. EdU-labeled cells (green, 2 hr EdU pulse) are at S-phase and
therefore committed for cell division, and Dpn-stained cells (red) are neuroblasts.
Arrows indicate four closely clustered EdU- and Dpn-positive NBs, likely (Fig cont’d.)
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B
Nopp140-/-

Wild-type
Prospero

DAPI

Prospero

DAPI

Day 6 ALH
Day 1-2 ALH

Day 6-7 ALH

MB NBs, at the anterior side of the central brain (a, b, d, e, g, h). Arrowheads indicate a
few EdU-positive cells, likely arising from AL MBs, at the lateral side of the central brain
(b, e, h). B) Nopp140-/- and wild-type (w1118) larval brains at day 1-2 and 6-7 ALH were
immunostained with anti-prospero (green, prospero is a GMC nuclear marker).
wild-type larval brains, however, had a large number of EdU-positive and Dpn-positive
cells, suggesting that majority of NBs had exited quiescence and begun proliferating
(Fig 2.11 A, panels j and k). We also noticed other EdU-positive cells appearing in the
lateral part of the wild-type and Nopp140-/- CB, which is the region where Antennal
Lobe (AL) NB resides, at day 1 ALH (Fig 2.11 A, arrowheads in panels b and e). They
were occasionally detected in day 2-3 ALH Nopp140-/- CBs (Fig 2.11 A, arrowheads in
panel h). This result suggests that upon nucleolar stress, only subset of neuroblasts and
GMCs proliferate, although at a slower rate, and give rise to neuroblast lineages that
are comparatively smaller than those in the non- stressed conditions. Indeed, we found
significantly fewer GMC population in the Nopp140-/- brains than in the wild-type brains
immunostained with anti-prospero (Prospero is a nuclear marker for GMCs) at day 1-2
and 6-7 ALH (Fig 2.11 B) The cluster of prospero-labeled cells at the anterior side of
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both Nopp140-/- and wild-type central brains at day 1-2 ALH are GMCs that arise from
MB NBs. At day 1-2 ALH, the MB lineage-specific GMC population was smaller in
Nopp140-/- central brain in comparison to the wild-type of the same age, suggesting
that the MB NBs in the Nopp140-/- larval brain proliferate at a reduced rate. At day 6-7
ALH, larger clusters of prospero-positive cells were found in the wild-type brain,
whereas the distribution of the prospero-positive cells Nopp140-/- larval brains remained
unchanged from the brains from larvae at day 1-2 ALH. The MB lineage-specific GMCs
were primarily the ones that labeled with prospero at day 6-7 ALH, suggesting that MB
NBs are among the few NBs that continue to proliferate for several days under nucleolar
stress conditions.
2.7 Reduced Neuroblast and Neuronal Nuclear Area under Nucleolar Stress
By day 2-3 ALH, the wild-type larval brains had more NBs proliferating in
comparison to the Nopp140-/- larval brains (Fig 2.11 A). We wanted to check if the size
of the neuroblasts and their lineages in the Nopp140-/- larval brains were affected at
this time point. To do so, we determined nuclear area of Nopp140-/- neuroblasts by
using the NB-specific nuclear marker, Deadpan (Dpn). We used the Dpn-stained area
as a reference in the Nopp140-/- larvae and compared it to the Dpn-stained neuroblastnuclear area of the wild-type larvae at day 2-3 ALH. We also determined nuclear area of
the surrounding neurons in both the Nopp140-/- and wild-type larval brains by using
DAPI-stained areas as a reference. The nuclear area of both the NBs and the neurons
were significantly greater in the wild-type larval brains compared to Nopp140-/- larval
brains at day 2-3 ALH (Fig 2.12), suggesting that loss of Nopp140 compromises the
sizes of neuroblasts and neurons in the larval brains.
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Fig 2.12. The sizes of neuroblasts and neurons are compromised under nucleolar
stress. Neuroblast nuclei marker, Deadpan (Dpn), was used to determine nuclear area
of neuroblasts, and DAPI staining in the surrounding neurons was used to determine
nuclear area of the neurons. Using the free hand selection tool in Fiji, nuclear outline
was drawn for Dpn-positive neuroblasts (20 nuclei) and DAPI-stained neurons (50
nuclei) on selected 2D images of wild-type and Nopp140-/- larval brains at day 2-3 ALH.
An example is provided in panels a and b that show a Nopp140-/- larval brain at day 2-3
ALH with nuclear outlines drawn in yellow. Quantification of the nuclear area of wildtype (neuroblasts: purple, neurons: pink) and Nopp140-/- (neuroblasts: orange,
neurons: yellow) is provided. Statistical analyses were performed on the raw nuclear
area data. p-values (Student’s t test): 0.0009* and 2.3 E-11**
2.8 Mushroom Body Neuroblasts are Resilient to Nucleolar Stress
Immunostaining with anti-Prospero indicated that MB NBs were among the few
NBs that generated their progeny GMCs as soon as day 1-2 ALH in Nopp140-/- larval
brains, similar to the MB NBs in wild-type brains, the Nopp140-/- larval MB NBs also
continued to proliferate for 6-7 days ALH (Fig 2.11 B). Additionally, there was always a
group of four closely clustered EdU- and Dpn-positive NBs on the anterior end of the
Nopp140-/- central brain (CB), which is where four MB NBs reside in each CB lobe, at
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S-phase and producing progeny GMCs at day 2-3 ALH (Fig 2.11 A). Hence, we
hypothesized that the actively dividing NBs in the Nopp140-/- larval brain at day 2-3
ALH are MB NBs, and that the MB NBs, and no other NBs, continue to produce progeny
cells through the embryo-to-larva transition period and up until 3 days ALH.
To directly test if the four EdU-positive NBs belong to the MB lineage, we utilized
the UAS/GAL4 to express a GFP-tagged reporter protein, mCD8-GFP, under a MB
lineage-specific driver, and performed EdU-labeling assay in the Nopp140-/- and control
brains expressing the mC8-GFP in their MB lineages at day 3 ALH. In a study by Aso et
al. (2009), 25 GAL4 drivers specific for the MB were analyzed, and among them two
GAL4 drivers, OK107 and 238y, showed expression in all MB structures. Therefore, we
chose the OK107-GAL4 driver line and generated a fly line with OK107-GAL4
(homozygous on chromosome 4) and Nopp140 disruption (J11 Nopp140- (A7) /TM3GFP on chromosome 3, A7 is a J11 Nopp140 disruption without DsRed gene). We also
generated another fly line with UAS-mCD8-GFP (homozygous on chromosome 2,
mCD8 is a cell membrane protein) and Nopp140 disruption (Noopp140-/TM3, Ser, Sb
on chromosome 3). After crossing these two parental fly lines, all progeny larvae were
heterozygous for both OK107-GAL4 and UAS-mCD8-GFP, hence all of them had GFPlabeled MBs (see cross scheme in Fig 2.13 A). To select for Nopp140-/- larvae among
the OK107>mCD8-GFP progeny, we took a two-step approach. First, we selected
against a strong gut tissue-specific GFP signal derived from the TM3-GFP
chromosome, the third chromosome of the selected larvae could be either heterozygous
(Nopp140-/TM3, Ser, Sb) or homozygous (Nopp140-/-) for the Nopp140 disruption.
Then, we selected Nopp140-/- larvae with OK107>mCD8-GFP based on their smaller
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body size compared to the Nopp140-/TM3, Ser, Sb siblings at day 3 ALH. As a control,
we used the progeny larvae (OK107>mCD8-GFP) obtained from the cross between
OK107-GAL4 and UAS-mCD8-GFP fly lines (Fig 2.13 A).
When we performed EdU-labeling assay with 2 hr EdU pulse, we noticed that the
mCD8-GFP signal was weak and not restricted to the cell membrane of the MB lineage
cells in both Nopp140-/- and control brains. For the 2 hr EdU pulse period, larval brains
were dissected in phosphate buffered solution (PBS), and they were immediately
incubated in EdU solution prepared in PBS. Since the cells needed to be alive, the brain
samples were not fixed with paraformaldehyde prior to EdU pulse, this could be the
reason why the mCD8-GFP molecules likely diffused out of the cell membranes. Hence,
we reduced the EdU pulse time to 1 hr and to 30 min. We noticed a significant
improvement in the mCD8-GFP signal for both pulse periods, but with a caveat, while
the mCD8-GFP was found in the cell membranes of the MB lineage cells as expected,
the signal photo-bleached very quickly (within 5-10 min). Therefore, we took the brain
images as quickly as possible, usually within 10 min of exposure to the excitation light
on the light microscope. We did not notice significant difference in the number of cells
that incorporated EdU with a 30 min or a 1 hr EdU pulse. Here, we include results for
EdU labeling assay with a 30 min and a 1 hr EdU pulse for Nopp140-/- larval brains and
a 30 min EdU pulse for the wild-type brains. The EdU labeling assay showed that many
EdU-positive cells in the OK107>mCD8-GFP control larval brains at day ALH, and a
subset of them resided within the GFP-labeled MB-lineage cell cluster. In the
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Fig 2.13. Mushroom Body NBs are resilient to nucleolar stress. A) Cross-scheme shows
the parental fly line genotypes used to obtain the control (carrying two wild-type
Nopp140 alleles on the third chromosome) and experimental Nopp140-/- larvae that are
also expressing mCD8-GFP under OK107-GAL4 driver. B) Larval brains (Fig cont’d.)
from the wild-type and experimental Nopp140-/- larvae (shown in the cross scheme in
A) at day 3 ALH were used for EdU labeling assay with a 30 min EdU pulse, and a
separate group of Nopp140-/- larval brains were treated with a 1 hr EdU pulse. Merged
images show EdU-labeled cells (red) nestled within the GFP labeled MB NB lineage
cells (green) at the anterior region of the central brains.
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OK107>mCD8-GFP, A7/A7 (Nopp140-/-) larvae at day 3 ALH, the EdU-positive cells in
the anterior region of the CB always resided within the MB lineage-cell cluster labeled
with mCD8-GFP (Fig 2.13 B). This result suggests that the four EdU-positive, S-phase
NBs in the Nopp140-/- larval brain (Fig 2.11 A) are indeed MB NBs. Hence, MB NBs are
more resilient to nucleolar stress induced by the loss of Nopp140 compared to other
NBs. We did not check if the EdU-positive cells found in the lateral region of CB are AL
NB-lineage specific cells, but we predict that such is the case based on the knowledge
that AL NBs are the only NBs, besides MB NBs, that do not enter quiescence period
and continue to divide through embryo-to-larva transition.
2.9 Mushroom Body Neuroblasts in the Nopp140-/- Larval Brain Retain Nucleolar
Fibrillarin
He et al. (2015) reported the redistribution of the rRNA methyltransferase,
fibrillarin, to the nucleoplasm upon complete loss of Nopp140 gene by homozygous
gene deletion. The redistribution of fibrillarin to the nucleoplasm indicated nucleolar
dysfunction, even though the nucleolar morphology remained unaffected in larvae with
homozygous deletion of Nopp140 (KO121). The nucleolar dysfunction was confirmed by
BrU labeling experiments that revealed an overall decrease in rRNA production in the
fat body cells of the KO121 larvae. Since MB NBs, but not others, continue to divide in
the Nopp140-/- larval brains at day 2-3 ALH and exhibit resilience to the effects of loss
of Nopp140, we predicted that MB NBs retain some nucleolar fibrillarin, while other NBs
and their lineages possess redistributed fibrillarin within the whole nucleoplasm. This
would mean that the nucleolar activity of MB NBs is still present despite nucleolar stress
conditions in most other cell types within the Nopp140-/- larvae.
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Fig 2.14. Mushroom Body lineage cells retain nucleolar fibrillarin under nucleolar stress.
Larval brains from the wild-type (whole brain in a-c; a central brain lobe in g-j) and
experimental Nopp140-/- (A7/A7) larvae (whole brain in d-f; a central brain lobe in k-n)
at day 3 ALH were immunostained with anti-fibrillarin (red). Merged images in panels j
and n were obtained by merging images in panels g and h, and k and l respectively.
Arrows in the Nopp140-/- larval brains (k, n) indicate nucleolar fibrillarin retained in the
MB lineage cells marked by cell surface protein, mCD8-GFP (green), whereas fibrillarin
is redistributed into the nucleoplasm in the surrounding cells.
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To determine the nucleolar state of the MB NBs compared to other NBs, we fixed
and immunostained OK107>mCD8-GFP, Nopp140-/- (A7) and OK107>mCD8-GFP
(wild-type) larval brains (see cross scheme in Fig 2.13 A) with anti-fibrillarin at day 3
ALH. In the wild-type larval brains, fibrillarin stained the nucleoli specifically as
expected, and there was very minimal non-specific (nucleoplasmic) labeling (Fig 2.14).
In the Nopp140-/- larval brains, fibrillarin was redistributed to the nucleoplasm in the
majority of the brain cells, except for a small number of cells residing within the GFPlabeled MB-lineage cell clusters that had nucleolar fibrillarin labeling, but did show some
nucleoplasmic fibrillarin (Fig 2.14). This result suggests that the MB-lineage cells, and
not others, are able to retain nucleolar fibrillarin, indicating that their nucleoli are
partially, if not fully, functional upon loss of Nopp140.
2.10 Discussion
To date, a wealth of knowledge has been acquired on neurogenesis in
Drosophila melanogaster making it possible to analyze developing brains at the level of
individual lineages (Birkholz et al. 2015, Egger et al. 2008, Hartenstein and Wodarz
2013, Urbach and Technau 2003). In this study, we utilized this model system to show
that different neuronal lineages are affected to variable degrees upon nucleolar stress.
Loss of Nopp140 by homozygous disruption of the Nopp140 gene induced nucleolar
stress systemically in the larvae. EdU labeling of the Nopp140-/- larval brains showed
that the mushroom body (MB) NBs, and in some cases, Antennal Lobe (AL) NBs, but no
other NB types, proliferated through the embryo-to-larva transition period. The MB and
AL NBs were the only ones to generate progeny lineages in Nopp140-/- larval tissue at
day 2-3 ALH. By day 2-3 ALH, wild-type larval brains had many proliferating NBs
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besides the MB NBs and they generated more extensive NB lineages compared to
those in the Nopp140-/- larval brains.
Complete loss of Nopp140 is known to cause redistribution of fibrillarin, a critical
rRNA methyltransferase, from nucleoli to the nucleoplasm, indicating nucleolar
dysfunction (He et al. 2015). Immunostaining the Nopp140-/- larval brains, that
expressed the mCD8-GFP reporter gene in the MB NB lineages, along with antifibrillarin showed that the cells in the GFP-labeled mushroom bodies retained nucleolar
fibrillarin, suggesting that their nucleoli are still functional and most likely producing
functional ribosomes. On the other hand, fibrillarin was redistributed to the nucleoplasm
in the surrounding NBs and in their lineage cells, indicating dysfunctional nucleoli in
these NB lineages. Hence, we have identified MB NBs as a specific NB type that
exhibits resilience to the adverse effects of Nopp140 loss.
Human ribosomopathies are a collection of genetic disorders that cause
disruption in ribosome biogenesis. Intriguingly, stem cell- and/or progenitor-cell
specificity is common to the ribosomopathies, even though the mutations are systemic.
For instance, embryonic neural crest cells that migrate to branchial arches I and II are
specifically targeted for apoptosis in individuals affected with the Treacher Collins
Syndrome (TCS). These individuals carry a haplo-insufficient mutation in the TCOF1
gene. As other examples, bone marrow stem cells are the primary targets in Diamond
Blackfan Anemia (DBA) and in Shwachman Diamond syndrome (SDS), these two
syndromes are caused by mutations in RpS19 and SBDS gene, respectively.
In Drosophila Nopp140-/- larvae, ribosome biogenesis is expected to be
perturbed systemically. However, we observed differential sensitivity exhibited by
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different neuroblast lineages, which is reminiscent of the stem-cell specificity observed
in human ribosomopathies. The difference is that in humans, a select population of
stem-cells are affected, while the majority of other stem cells are spared; whereas in the
Drosophila larval brain, the majority of the NB (neural stem cell) lineages are affected,
while the small subset of NB, namely the MB NB lineages, are partially spared. Because
of this differential sensitivity to nucleolar stress, we propose that the Drosophila neural
system is a good model to study underlying mechanisms that contribute to the stem-cell
specificity observed in various human ribosomopathies.
Recent findings show that various ribosome biogenesis factors (RBFs) are
overexpressed in stem cell and progenitor cell populations, and that different RBFs play
specific roles in those cells (reviewed in Brombin et al. 2015). For example, WatanabeSusaki et al. (2014) showed that fibrillarin is highly expressed in pluripotent embryonic
stem (ES) cells in mice, and partial knockdown of Fibrillarin delayed rRNA processing
resulting in growth arrest and apoptosis. In addition, depletion of fibrillarin induced
expression of differentiation genes in the ES cells and promoted stem cell differentiation
even under stem-cell renewal culture conditions. Besides fibrillarin, Nop56 is one of the
core proteins found in the box C/D snoRNP that was shown to be essential for
neuroepithelial growth in the Drosophila optic lobe (Wang et al. 2013). Likewise, the
Drosophila Mbm (mushroom body miniature), a nucleolar protein that is essential for
ribosome biogenesis, is highly expressed in neuroblasts and is required for their proper
cell growth. Recently, nucleostemin 3 (NS3) was shown to be required for the
Drosophila larval neuroblast cell polarity and proliferation as it helps retain the cell cycle
repressor, prospero, in neuroblast cytoplasm (Johnson et al. 2018); NS3 is a functional
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ortholog of yeast and human Lsg1 that is essential for the ribosome biogenesis that
releases the nuclear export adaptor from the large ribosomal subunit once the large
subunit arrives in the cytoplasm (Hartl et al. 2013). Dixon et al. (2006) also
demonstrated that Tcof1-/+ mice, that are haploinsufficient for the essential nucleolar
protein, treacle, exhibited lower levels of 28S rRNA production in the neural ectoderm
as well as neural crest cells, but not in other tissues. Overall, the RBFs requirements,
and hence their expression levels, are significantly different between stem cells and
their differentiated progeny cells.
In our study, we detected the Nopp140-RGG isoform in the brain and gut tissue
of the Nopp140-/- larvae at day 1-2 ALH by immunofluorescence, which diminished
quickly in the subsequent larval stages. In the Nopp140-/- brains with Nopp140-RGG
labeled nucleoli, we do not know what proportion of the nucleoli reside in neuroblasts,
and we have yet to determine the expression levels of the two Nopp140 isoforms,
Nopp140-True and Nopp140-RGG, in various NB lineages within the Drosophila larval
brain. However, based on observations made with other RBFs, we hypothesize that
neuroblasts, in general, have higher expression levels of Nopp140 compared to the
differentiated neurons.
To find out if the Nopp140 and other RBFs are highly expressed in neuroblasts
compared to the neurons, we analyzed a transcriptomic data generated by Yang et al.
(2016) who performed a cell-type specific RNA-seq for Drosophila larval neuroblasts
(non-selective “all” NBs, MB NBs, AL NBs, and Type II NBs), neurons, and glia.
Analysis of the TPM (transcripts per million) dataset obtained from this study
(GSE71104) revealed that NBs, in general, have higher levels of Nopp140, fibrillarin,
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Nop56, and Nop60B (a human dyskerin homolog that catalyzes pseudouridylation of
rRNA) compared to the neurons (Fig 2.15 A). We also checked expression levels of
Nucleostemin (NS) and found that NBs expressed NS1, NS2, and NS4, but not NS3, at
higher levels than neurons (Fig 2.15 B). As controls, we checked the expression levels
of Deadpan (encodes a NB-specific transcription factor), Prospero (encodes a NB- and
GMC-specific transcription factor), and Elav (encodes a Drosophila neuron-specific
protein). As expected, Deadpan and Prospero expression levels were higher in NBs
compared to neurons, and Elav expression was higher in neurons compared to NBs
(Fig 2.15 C). Hence, the results of this transcriptome analyses support our hypothesis
that Nopp140, fibrillarin, and other RBFs are highly expressed in NBs than in neurons.
Studies have shown that the quantity and the spatiotemporal expression of RBFs
varies in different stem cell or progenitor cell populations. For example, expression of
the TCOF1 gene product, treacle, in zebrafish embryos is restricted to the regions and
developmental stages wherein the development of the craniofacial structures occurs
(Weiner et al. 2012). Very recently, Bouffard et al. (2018) reported that development of
the dorsal midbrain, including the optic tectum and the eye, was severely hindered in
the zebrafish fibrillarin null mutant (fblhi2581Tg) embryos, whereas the ventral and more
posterior regions of the brain did not show such severe effects. Impaired S-phase
progression, massive apoptosis, midbrain-specific neuronal differentiation effects, and
severe hypoplasia in the dorsal midbrain and retina were observed in the fblhi2581Tg
embryos. This study showed that specific neuronal lineages can be selectively affected
upon loss of RBFs such as fibrillarin, which is similar to our findings in the Nopp140-/-
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Fig 2.15. Transcriptome analyses of ribosome biogenesis factors in lineage-specific
Drosophila neuroblasts and neurons. Expression levels of Nopp140, fibrillarin, Nop56,
and Nop60B transcripts (A); NS1, NS2, NS3, and NS4 transcripts (B); Deadpan,
Prospero, and Elav (C) in the Drosophila larval NBs and neurons. All NB (n=3),
Mushroom Body (MB) NB (n=3), Antennal Lobe (AL) NB (n=3), Type II NB (n=3),
neurons (n=2).
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larval brains in which majority of the NB lineages, except for the MB NB lineages, are
more susceptible to the effects of Nopp140 depletion. Interestingly, however, the MB
NB lineages, but not others, retain nucleolar fibrillarin in the Nopp140-/- larval brains,
suggesting fibrillarin has a role in the uninterrupted proliferation and survival of the MB
NB lineages. Mammalian Nopp140 associates with box C/D small nucleolar
ribonucleoproteins (snoRNPs) which contain fibrillarin (Yang et al. 2000), and in
Drosophila, loss of Nopp140 results in reduced 2′-O-methylation of pre-rRNA, which
corroborates with the additional observation that fibrillarin, a rRNA methyltransferase,
redistributes to the nucleoplasm and no longer localized to the nucleoli (He et al. 2015).
Given these findings, it is likely that a threshold level of Nopp140 is somehow
maintained in the MB NB lineages of the Nopp140-/- larval brain, and this Nopp140 is
sufficient to retain fibrillarin within the nucleoli and maintain the MB NB lineage
proliferation. Indeed, our analyses of the NB-lineage specific transcriptome (Yang et al.
2016) indicated differential expression levels of RBFs among the NBs. We found that
the expression levels of all four RBFs (Nopp140, fibrillarin, Nop56, and Nop60B) tested
were higher in the MB NBs compared to the AL NBs and Type II NBs (Fig 2.15 A). We
expected some overlap between the MB NBs and All NBs since the non-selective pool
of NBs may contain MB NBs as well. Further study will be needed to show how the
expression patterns for the two individual Nopp140 isoforms would vary among or within
NB lineages. This may underpin the specific role of Nopp140 in the resilience of MB NB
lineages to nucleolar stress.
2.10.1 Proliferative Schedules
Within the first day of Drosophila larval hatching, only a subset of NBs (four MB
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NBs and one Antennal Lobe (AL) NB per central brain lobe) are proliferating, while other
NBs are still quiescent (Kunz et al. 2012, Prokop and Technau 1994, Ito and Hotta
1992). Other neuroblasts exit quiescence ~24 hrs after hatching (Lovick and Hartenstein
2015). Hence, the MB NBs and AL NBs are inherently on a different proliferative
schedule from the rest of the neuroblasts in the Drosophila larval brain. In the Nopp140/- larval brains at day 2-3 ALH, neuroblasts other than the MB NBs and AL NBs are still
in quiescent period. This suggests that the timing and state of neuroblast proliferation
affects the susceptibility of the neuroblasts to nucleolar stress caused by the loss of
Nopp140. Since the MB NBs and AL NBs in the Drosophila larval brain do not enter
quiescence during embryo-to-larva transition, their resilience to the loss of Nopp140
may have to do with their not having to undergo major changes in their transcriptional
state which is what must occur when quiescent NBs enter mitotic phases (Bertoli et al.
2013). In this regard, Bouffard et al. (2018) proposed that the difference in kinetics of
development between different regions of the zebra fish brain could explain why dorsal
midbrain and eyes are severely impaired, while posterior/ventral brain regions develop
normally in the Fibrillarin null mutants, fblhi2581Tg, embryos. The less affected neuronal
lineages in the ventral region of the zebrafish embryonic brain originate first and
generate differentiated neurons. This is followed by other neuronal lineages in the
dorsal regions and eyes that continue to proliferate later during the zebrafish embryonic
development and are thus severely affected; this is likely because either the maternal
stores of functional ribosomes, the fibrillarin mRNA and/or the fibrillarin protein support
proliferation of the early born neuronal lineages, but not lineages generated later during
development.
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A similar scenario of maternal contributions may account for the resilience to
nucleolar stress exhibited by the MB NBs that are already proliferating in a newly
hatched Nopp140-/- larvae, while proliferation of other NBs that enter mitotic cycle ~24
hr after larval hatching is severely impacted upon nucleolar stress. The question that
remains to be answered is whether or not maternal Nopp140 isoforms are present in the
MB NB lineages. In addition to an already high load of ribosome biogenesis factors in
the MB NBs (Fig 2.15 A), a selective preservation of maternal Nopp140 protein,
Nopp140 mRNA ,or ribosomes in the MB NB lineages may contribute to their resilience
to nucleolar stress under loss of Nopp140.
2.10.2 Heterogenous Ribosomes
For many years, interest in ribosome contribution to translational control has
remained low because of the general assumption that ribosomes in all cells are
structurally and functionally the same. Recent studies, however, have debunked this
long-standing notion, and we have entered a new era of ribosomal heterogeneity
(reviewed in Barna 2016, Guo 2018). After all, how could a homogenous pool of
ribosomes handle the subtle but crucial translational differences among billions of cells
in our bodies, cells with nearly incomprehensible complexities at cellular and molecular
levels? Ribosomes are not all the same even within a single cell (Barna 2016).
Heterogenous ribosomes differ by their ribosomal protein composition or rRNA
modifications, which may favor translation of a specific population of mRNAs based on
structured RNA regulons within their 5' UTRs. This ultimately affects a cell’s
translational profile. To find out if there are any differences in the expression levels of
genes encoding ribosomal proteins in different Drosophila NB lineages, we again

166

analyzed the NB lineage-specific transcriptomic dataset (Yang et al. 2016). Out of 92
genes encoding ribosomal proteins, 47 genes were highly expressed in MB NBs
compared to AL NBs, Type II NBs, and neurons (Fig 2.16). Noticeably, RpL41 had the
highest expression level among all ribosomal protein encoding genes in all cell types,
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Fig 2.16. Transcriptome analysis of Rp genes in lineage-specific Drosophila neuroblasts
and neurons. The two plots show expression levels of 92 genes encoding ribosomal
proteins, 47 of which (listed at the bottom) are highly expressed in the MB NBs
specifically. Asterisk indicates RpL41 as the Rp gene with highest expression level
among all Rp genes included in this analysis.
(indicated by an asterisk in Fig 2.16). This suggests a possibility that heterogenous pool
of ribosomes may exist within a Drosophila larval brain, and that the ribosomes in the
MB NBs are different from those in other NB lineages. This could contribute to the NB
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lineage-specific response to nucleolar stress caused by the loss of Nopp140. In this
case, we have a model system to study the stem and progenitor cell specificity seen in
various human ribosomopathies.
Recently, Werner et al. (2015) showed that the translation program of human
embryonic stem cells (hESCs) differentiating into neural crest cells changed as seen by
RNA sequencing and ribosome profiling, following depletion of KBTBD8, a substrate
adapter for the vertebrate-specific ubiquitin ligase, CUL3. CUL3 monoubiquitylates
hNopp140 (NOLC1) and TCOF1, and forms a TCOF1-NOLC1 platform that connects
RNA Pol I machinery with the ribosome modification factors. Based on these results, it
was hypothesized that the change in translational profile was the result of differential
alteration of ribosomes. Modifications such as rRNA pseudouridylation and methylation,
or phosphorylation and ubiquitylation of ribosomal proteins or ribosome-associated
factors may ultimately contribute to the translational control of gene expression (Sloan
et al. 2017). Treacle is a nucleolar phosphoprotein that is involved in ribosome
biogenesis, and it closely resembles Drosophila Nopp140. Since Drosophila Nopp140
has a role in rRNA modifications, it is likely that depletion or complete loss of Nopp140
can lead to differential modifications of the ribosome pool, and depending upon the
neuroblast lineage-specific role of Nopp140, if any, the translational profile of different
NB lineages might be affected differentially.
2.11 Materials and Methods
2.11.1 Fly stocks
Strains used in this study were the following: w1118 line (used as a wild type
control, Bloomington stock #3605), the third chromosome balancer stock w*; Sb1/TM3,
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P{ActGFP}JMR2, Ser1 (referred to as TM3-GFP, Bloomington stock #4534), y1 M{nosCas9.P}ZH-2A w* (referred to as nanos-Cas9, Bloomington stock #54591 provided by
Fillip Port and Simon Bullock, MRC Laboratory of Molecular Biology), w*;
P{GawB}OK107 eyOK107/In(4) ciD, ciD panciD svspa-pol (referred to as OK107-GAL4,
Bloomington stock #854), w*; P{wor.GAL4.A}2; Dr1/TM3, P{Ubx-lacZ.w+}TM3, Sb1
(referred to as worniu-GAL4, Bloomington stock #56553), w1118; P{GMR37H04GAL4}attP2 (referred to as Scabrous (Sca)-GAL4, Bloomington stock #49969), w1118;
P{y[+t7.7] w[+mC]=GMR38F05-GAL4}attP2 (referred to as Neurotactin- or Nrt-GAL4),
y1 w*; P{w+mC=UAS-mCD8::GFP.L}LL5, P{UAS-mCD8::GFP.L}2 (referred to as UASmCD8-GFP, Bloomington stock #5137), KO121 (Nopp140 deletion line from He et al.
2015), and UAS-TComC4.2 (Nopp140 RNAi line from (Cui and DiMario 2007). Flies
were maintained in the laboratory at room temperature (22-24°C) on standard cornmeal
medium.
2.11.2 Molecular reagents and methods for CRISPR-Cas9 gene editing
The plasmid used to express gRNAs under control of the Drosophila U6:3
promoter was pCFD3-dU6:3gRNA, a gift from Simon Bullock (Addgene plasmid #
49410; http://n2t.net/addgene:49410; RRID:Addgene_49410; (Port et al. 2014, Ren et
al. 2013). A 20-nt gRNA fragment can be conveniently inserted into this plasmid at the
single BbsI restriction site.
To determine possible gRNA target sites to disrupt the Nopp140 gene, the
Nopp140 second exon sequence was entered into the CRISPR optimal target finder tool
(http://tools.flycrispr.molbio.wisc.edu/targetFinder/index.php), and in the organism
selection field, we selected the Drosophila melanogaster species in order to aid in
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determining gRNAs with potential off-targets. The tool provided 271 gRNA targets,
each 20 nt in length excluding the NGG PAM sequence. Among these, six gRNAs had
zero off-targets in the coding regions of the Drosophila genome. The gRNAs were
additionally verified to have no off-targets by the TagScan tool (Genome-wide Tag
Scanner; https://ccg.epfl.ch//tagger/tagscan.html), and the Cas-OFFinder tool (Bae et
al. 2014). When selecting guide RNAs (gRNAs), suggestions by Doench et al. (2014)
were taken into consideration such as CRISPR-Cas9 system favors CGG PAM,
whereas TGG PAM is not. Two gRNA targets, gRNA#52
(5’GGGCTTTGCCGGTTCTTCCTCGG on the minus strand of Nopp140; PAM sequence
is underlined) and gRNA #99 (5’CAAGTTGGCTCCTGCTAAGAAGG on the plus strand
of Nopp140), were chosen; they annealed to the Nopp140 second exon region in a
specific orientation such that successful CRISPR-Cas9 cleavage at both sites would
ensure complete deletion of 321 bp (distance between the gRNA#52 and gRNA#99
cleavage sites) in the Nopp140 second exon. Both were used for the CRISPR-gene
editing together to increase the efficiency of the CRISPR targeting.
To find gRNA target sites within the DsRed gene, we used the CRISPR optimal
target finder tool, mentioned above, which yielded 38 gRNA target sites that were 18-nt
in length. We entered ‘Drosophila melanogaster’ in the species selection tool, and we
found that 12 of the gRNA targets had no matches to the Drosophia genome. Three of
the 12 gRNA targets had a CGG PAM; among these, we chose gRNA#2
(5’GCTGAAGGTGACCAAGGGCGG on the plus strand of DsRed) and gRNA#3
(5’GCTCCCACTTGAAGCCCTCGG on the minus strand of DsRed).
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We ordered sense and anti-sense oligos for each of the gRNA target sites from
Integrated DNA Technologies (IDT) (gRNA-target#52sense, gRNA-target#52antisense,
gRNA-target#99sense, gRNA-target#99antisense, DsRed-target-gRNA#2 sense,
DsRed-target-gRNA#2 antisense, DsRed-target-gRNA#3 sense, and DsRed-targetgRNA#3 antisense; sequences are provided in Table 1). These oligos also included
BbsI restriction site overhangs. Mixture of the sense and anti-sense oligos, 10 µM each
in 1X Ligation Buffer, for each gRNA target was heated at 95°C for 5 min, and then
cooled to room temperature over 1 hr, allowing annealing of the complementary oligos.
The annealed double-stranded molecules for each gRNA target site were separately
ligated into the pCFD3-dU6:3gRNA plasmid at the BbsI restriction site.
To select the Nopp140 mutants, a DsRed gene was inserted within the Nopp140
second exon by Homology Directed Repair (HDR) using a donor plasmid, pDsRed-attP
which was a gift from Melissa Harrison, Kate O'Connor-Giles, and Jill Wildonger
(University of Wisconsin-Madison) (Addgene plasmid # 51019;
http://n2t.net/addgene:51019; RRID:Addgene_51019; Gratz et al. 2014). We followed
general guidelines based on work by Gratz et al. (2014) to insert the homology arms
into the multiple cloning sites (MCS) available on either side of the DsRed gene in the
pDsRed-attP plasmid. The homology arms (3’ arm and 5’ arm) were the Nopp140
second exon regions that flanked the 321 bp deletion region (illustrated in Fig 2.1). The
3’ arm (residing on the 3’ side of the DsRed gene in the plasmid) contained 421 bp of
the Nopp140 second exon upstream of the gRNA#52 target site. We PCR amplified the
3’ arm from pEGF-Nopp140True plasmid (Waggener and DiMario 2002) using primers
Nopp140-3’Arm-BglII-F and Nopp140-3’arm-XhoI-R that included the restriction sites
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overhangs needed for ligation (see Appendix C for primer sequences), and ligated this
PCR product into the pDsRed-attP plasmid double-digested with BglII (New England
Biolabs (NEB) R0144S) and XhoI (NEB R0146S). This plasmid was named pDsRed3’arm. The 5’ arm (residing on the 5’ side of the DsRed gene in the plasmid) contained
500 bp of the Nopp140 second exon downstream of the gRNA#99 target site. We PCR
amplified the 5’ arm from pEGF-Nopp140True plasmid using primers Nopp140-5’ArmEcoRI-F and Nopp140-5’arm-NotI-R that included the restriction site overhangs needed
for ligation (see Appendix C for primer sequences), and ligated this PCR product into
the pDsRed-attP plasmid double digested with NotI-HF (NEB R3189S) and EcoRI-HF
(NEB 3101S). This plasmid was named pDsRed-5’arm. To generate pDsRed with both
homology arms, pDsRed-3’arm&5’arm, we attempted ligating 3’ arm into pDsRed-5’arm
plasmid and also ligating 5’ arm into pDsRed-3’arm plasmid; the former method did not
work after several attempts for unknown reasons, but the latter worked after a few
optimizations. Since the NotI-HF and EcoRI-HF restriction sites are only 6 bp apart and
the efficiency of Not I-HF enzyme is low for short terminal ends, we had difficulty
achieving complete double digestion of pDsRed-3’arm plasmid and the 5’arm insert. To
overcome this, we first performed pDsRed-3’arm plasmid digestion with Not I only for 2
hours at 37°C, ensuring complete digestion, followed by digestion with EcoRI for 2
hours at 37°C. The 5’arm insert was digested with both enzymes in one reaction tube
overnight at 37°C (a thin layer of mineral oil over the reaction volume prevented
evaporation). After heat inactivation of restriction enzymes at 65°C for 20 min, the
digestion reactions were passed through spin columns with a silica filter to remove any
impurities. Ligation reaction was incubated at 16°C overnight.
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CRISPR-Cas9 targeting the DsRed gene did not need insertion of a selectable
marker, since the loss of the DsRed fluorescence in the larval organs (gut and brain) or
the adult eye directly indicated DsRed gene disruption. Cas9 endonuclease needed for
the CRISPR-Cas9 editing of the DsRed gene in the J11 DsRed line was expressed from
pBS-Hsp70-Cas9 plasmid, a gift from Melissa Harrison, Kate O'Connor-Giles, and Jill
Wildonger (Addgene plasmid # 46294; http://n2t.net/addgene:46294;
RRID:Addgene_46294; Gratz et al. 2013).
All plasmids used for injection purposes were extracted from transformed E. coli
cells using a plasmid Midiprep kit from ThermoFisher Scientific. To disrupt the Nopp140
gene, the plasmid injection mix containing 15 ng/µL of gRNA#52, 15 ng/µL of gRNA#99,
and 230 ng/µL of pDsRed-3’arm&5’arm. The mixture was was injected into nanos-Cas9
transgenic embryos. To disrupt the DsRed gene, the CRISPR injection mix containing
75 ng/µL of gRNA#2, 75 ng/µL of gRNA#3, and 350 ng/µL of pBS-Hsp70-Cas9, and
was injected into J11 DsRed/TM3-GFP embryos. All injections were performed by
Genetivision Corporation (Houston, TX).
2.11.3 PCR verification of HDR-mediated donor sequence insertion
The DsRed gene insertion from the donor plasmid, pDsRed-3’arm&5’arm was
verified by genomic PCR. To check the genomic sequences of Nopp140 downstream of
the DsRed gene insertion site, we used primers DsRedExpress2-Reverse (red half
arrow) and Nopp140-Exon2-1556-Reverse (blue half arrow) (Fig 2.3 A). To check the
genomic sequences within Nopp140 upstream of the DsRed gene insertion site, we
used primers Nopp140-First intron-Forward (pink half arrow) and DsRedExpress2Forward (red half arrow) (Fig 2.3 B). The genomic DNA for each Nopp140 disruption fly
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line ~30 healthy well-fed adult flies were frozen at -80° C for 10 minutes and
subsequently homogenized in 100 mM Tris-HCl (pH 7.5), 100 mM EDTA, 100 mM
NaCl, and 0.5% SDS. Following 30 min incubation at 70° C, genomic DNA was
precipitated in 1:2 ratio of 5 M KOAc: 6 M LiCl on ice for 10 min. The precipitated
genomic DNA was purified using phenol-chloroform extraction, followed by ethanol
precipitation. The DNA pellet was suspended in deionized water, and the DNA
concentration was measured using a NanoDrop 1000 Spectrophotometer. PCR
reactions were performed in 25 µL total volume containing 20-70 ng of genomic DNA,
0.40 µM of each primer, 0.20 mM of each dNTP, 0.50 mM of MgCl2, 1 X Phusion GC
Buffer, and 0.40 unit of Phusion high-fidelity DNA polymerase (M0530S, New England
BioLabs). Amplification was performed in a BIO-RAD C1000 Thermal Cycler with the
following thermal cycling conditions: 3 min initial denaturation at 95°C, followed by 32
cycles of denaturation for 30 sec at 95° C, annealing for 30 sec at 62°C for the PCR
shown in Fig 2.3 A and 60°C for the PCR shown in Fig 2.3 B, and elongation at 72° C
for 1 min 20 sec, followed by 5 min final elongation at 72° C.
2.11.4 Sequencing analysis
Following phenol-chloroform gel extraction of PCR products from agarose gels
and ethanol precipitation, the PCR products were sequenced with an ABI 3130XL
Genetic Analyzer (Applied Biosystems) using BigDye Terminator Cycle Sequencing kit
v.3.1. The primers used to sequence the PCR products are indicated wherever the
sequence reads are provided. Sequences were analyzed and aligned using CLC
Sequence Viewer (QIAGEN Bioinformatics).
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2.11.5 RT-PCR analysis
Larvae at day 1-2 ALH or day 5-7 ALH were collected from well-yeasted grape
fruit juice plate in an eppendorf tube and rinsed with distilled water to remove yeast and
other debris. Total RNA was extracted from wild-type or Nopp140-/- larvae using TRIzol
(Invitrogen) according to the manufacturer’s recommendations. First-strand cDNA
synthesis was performed using M-MuLV Reverse Transcriptase (NEB M0253S)
according to manufacturer’s recommendations with either oligo(dT) primers or genespecific reverse primers (same as the reverse primers used in PCR). Oligo(dT) primers
were used to synthesize the first-strand cDNA of Hsp26, RpL32, and Actin5C. Genespecific reverse primers were used for ITS2, ETS, R1, and Nopp140.
Specific forward and reverse PCR primers were the following: Nopp140-Exon 1Forward, Nopp140 Exon 2 at 421-Reverse, ITS-Forward, ITS-Reverse, R2-Forward,
R2-Reverse, Hsp26-Forward, Hsp26-Reverse, RpL32-Forward, RpL32-Reverse,
Actin5C-Forward, and Actin5C-Reverse. Primer sequences are provided in Appendix C.
2.11.6 Immunostaining and fluorescence microscopy
Larval brains and other tissues were dissected directly into fixation Buffer B, pH
7.0-7.2 (16.7 mM KH2PO4/K2HPO4, 75 mM KCl, 25 mM NaCl, 3.3 mM MgCl2) (de
Cuevas and Spradling 1998) with 2% paraformaldehyde (freshly prepared). The tissues
were fixed in Buffer B for 30-35 min total starting from the point when the dissection
commenced. All washings were done with PBS with 0.1% TX-100 detergent. The
blocking solution was 3% BSA prepared in PBS with 0.1% TX-100 which was also used
for preparing dilutions of primary and secondary antibodies. In all cases, tissues were
incubated in the primary antibody overnight at 4°C on a shaker and in the secondary
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antibody for 4 hr at 4°C on a shaker. Primary antibodies included the polyclonal guinea
pig anti-Nopp140-RGG (Cui and DiMario, 2007) used at 1:100, a rat monoclonal antiDeadpan (abcam, 195173, stock 1 mg/ml) used at 1:200 in Fig 2.10 B and at 1:250 in
Fig 2.11 A, the mouse monoclonal anti-fibrillarin mAb72B9 (Reimer et al. 1987; used the
hybridoma supernatant without dilution), the mouse monoclonal anti-prospero
(deposited at the DSHB by C. Q. Doe (DSHB Hybridoma Product Prospero (MR1A))
used at 1:50, and the mouse monoclonal anti-discs large (dlg) (deposited at the DSHB
by C. Goodman (DSHB Hybridoma Product 4F3 anti-discs large)) used at 1:30.
Secondary antibodies included the Alexa Fluor 488 conjugated goat anti-rat (A-11006,
ThermoFisher Scientific) used at 1:500 in Fig 2.10 B, the Alexa Fluor 546 conjugated
goat anti-Rat (A-11081, ThermoFisher Scientific) used at 1:1000 in Fig 2.11 A, the
Alexa Fluor 594 conjugated goat anti-guinea pig (A-11073, ThermoFisher Scientific)
used at 1:500, and the Dylight 488 conjugated goat anti-mouse (35503, ThermoFisher
Scientific) used at 1:500. The tissues were counter-stained with 4’,6-diamino-2phenylindole (DAPI, Polysciences) at 1 µg/mL. To image the tissues, we used either
conventional fluorescence microscope using a Zeiss Axioskop equipped with a SPOT
RTSE digital camera or the Leica SP8 Confocal Microscope with White Light Laser
system (at LSU Shared Instrumentation Facility (SIF)).
2.11.7 EdU labeling assay
For 5-ethynyl-2-deoxyuridine (EdU) labeling, larval brains were dissected in PBS
(without any detergent or azide), and within 5 min of dissection, the brains were
incubated with 20 µM EdU in PBS for either 30 min, 1 hr, or 2 hr at room temperature.
The tissues were then fixed in Buffer B with 2% paraformaldehyde (described in section
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2.11.6) for 30 min at room temperature. EdU incorporated into S-phase cells were
detected by a Click-iT Alexa Fluor 488 EdU imaging kit (Invitrogen) according to the
manufacturer’s recommendation. EdU was also detected by Alexa Fluor 594-Azide
(Product No.1295, AF 594 Azide from Click Chemistry Tools) used with the reagents
provided by Invitrogen Click-iT EdU imaging kit. Following EdU labeling, the larval
brains were immunostained with antibodies followed by DAPI counterstaining.
2.11.8 Determination of nuclear area
The 2D confocal images of the Nopp140-/- and wild-type larval brains at day 2-3
ALH were analyzed using Fiji software. After setting scale for each image, the free hand
selection tool was used to draw outline of each nuclei, and the nuclear area was
subsequently recorded. Deadpan-stained larval brains were used to determine the
nuclear area of neuroblasts. Neuronal nuclear area was obtained from the DAPI-stained
larval brains. The nuclear areas were plotted into a box-scatter plot using Microsoft
Excel, and a Student’s t-test (one-tailed) was performed on the data.
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CHAPTER 3. IDENTIFICATION OF REPEAT POLYMORPHISMS IN THE NOPP140
GENE OF DROSOPHILA MELANOGASTER
3.1 Introduction
The nucleolar phosphoprotein of 140 kDa (Nopp140) is a ribosome assembly
factor that locates within the dense fibrillar component of nucleoli and within nuclear
Cajal bodies (CBs) (Meier and Blobel 1990, 1992). It was first described as a chaperone
that shuttles between the nucleolus and cytoplasm (Meier and Blobel 1992), perhaps
to facilitate the import of other ribosome assembly factors that have SV40 T antigentype nuclear localization signals (Meier and Blobel 1990). Subsequent work showed
that Nopp140 associates with C/D box small nucleolar ribonucleoprotein (snoRNPs) that
guide nucleotide-specific 2′-O-methylation of the pre-rRNA, and with H/ACA box
snoRNPs that direct site-specific pseudouridylation of pre-rRNA and snRNAs (Yang et
al. 2000). These interactions with Nopp140 may initiate within CBs as Nopp140 is
thought to shuttle these snoRNPs from CBs to nucleoli (Yang et al. 2000, Wang et
al. 2002, Meier 2005, Lo et al. 2006, He and DiMario 2011). Nopp140 also interacts
with RNA Pol I to regulate rRNA transcription, perhaps linking RNA Pol I transcription
with pre-rRNA processing (Chen et al. 1999; Meier 2005).
The human Nopp140 homologue, called nucleolar and Cajal body
phosphoprotein (NOLC1; CCDS 65925.1), is encoded by NOLC1 (ID: 9221) which is
located on chromosome 10 (NC_000010.11). NOLC1 contains 13 exons that encode
isoforms of 700 or 707 amino acids. Exon 1 encodes a Lis1 homology (LisH) domain
that is likely used for dimerization (Mateja et al. 2006). Exons 3-10 encode a large
central peptide domain that consists of 10 repeating motifs; each motif contains a basic
region rich in lysine, alanine, and proline followed by an acidic region rich in aspartate,
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glutamate, and phosphoserine. The serine residues are extensively phosphorylated in
vivo by casein kinase type II (CKII) enzymes thus contributing to the acidic properties of
the region (Meier 1996, Li et al. 1997). Six of the ten basic-acidic motifs in human
NOCL1 are encoding by adjacent exons. The remaining four motifs are encoded by
exon 10. Exons 11-13 in NOCL1 encode the carboxyl tail of 119 amino acids with a
conserved but putative protein kinase A phosphorylation site, indicating that Nopp140 is
likely involved in regulatory signaling events (Meier 1996). Because no mutations are
known to exist for human NOCL1, de novo mutations in NOCL1 are likely embryonic
lethal.
Treacle is a nucleolar ribosome biogenesis factor related to Nopp140 in structure
and function, but thus far found only in vertebrates. Human treacle is encoded by the
TCOF1 gene (gene ID: 6949; chromosome 5, NC_000005.10); haplo-insufficiency
mutations in TCOF1 result in the Treacher Collins syndrome (TCS), a ribosomopathy in
which select neural crest cells undergo p53-dependent apoptosis resulting in impaired
craniofacial development (Jones et al. 2008, Sakai and Trainor 2009, Narla and Ebert
2010). Similar to NOLC1, the TCOF1 gene consists of multiple exons. Exon 1 again
encodes a LisH domain, and similar to vertebrate Nopp140, treacle contains several
repeating basic-acidic motifs comprising a large central domain (Wise et al. 1997). As
with human NOCL1, multiple exons in the TCOF1 gene encode these repeat peptide
motifs (Isaac et al. 2000).
Nopp140 is the closest gene in Drosophila spp. to TCOF1 in humans.
In Drosophila melanogaster, Nopp140 maps to the left arm of chromosome 3 proximal
to the centromere in cytological region 78F4. Two protein isoforms arise by alternative
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splicing. Nopp140-True contains 686 amino acids, while Nopp140-RGG contains 720
residues (Waggener and DiMario 2002). Both isoforms localize to nucleoli and Cajal
bodies when expressed exogenously as GFP fusions in transgenic embryos, larvae,
and adults (McCain et al. 2006). The mRNA encoding Nopp140-True consists of four
exons: exon 1 encodes the LisH domain as in human NOCL1 and treacle. While the
large central domains in human NOCL1 and treacle are encoded by several exons, the
large central domain in Drosophila Nopp140-True consists of 16 repeating basic-acidic
motifs, all encoded by exon 2. The carboxyl terminus of Nopp140-True is encoded by
exons 3 and 4; this domain is 65% identical to the carboxyl terminus of human Nopp140
over a 94-amino acid stretch. Therefore, we consider Nopp140-True to be
the true orthologue of vertebrate Nopp140 in Drosophila (Waggener and DiMario 2002).
The second isoform in Drosophila, Nopp140-RGG, is encoded by the same two exons 1
and 2, and is thus identical to Nopp140-True in its first 583 amino acid residues.
Alternative splicing, however, generates a distinctly different carboxyl domain rich in
glycine and arginine residues that form repeating RGG tri-peptide motifs (see Fig 3.1 B).
RGG motifs are common to many RNA-associated proteins (Raman et al. 2001).
The large central domain of metazoan Nopp140 displays low amino acid
complexity, and is intrinsically disordered, another common feature for RNA chaperones
(Dyson and Wright 2004, Tompa and Csermely, 2004). Here we describe several
repeating but overlapping amino acid sequence patterns within the large central domain
of Nopp140 in Drosophila melanogaster. We compare differences in these patterns
within other Drosophila species, and we describe two Nopp140 alleles in Drosophila
melanogaster, Nopp140-Long and Nopp140-Short. The two alleles differ by exactly 96
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bps that encode a 31 amino acid repeat unit within the central domain. Both alleles
seem to be functional as there are no apparent adverse phenotypes in flies expressing
one or the other allele. Polymorphisms in Nopp140’s central domain could potentially
influence assemblage and phase separations (Toretsky and Wright 2014) within nucleoli
and CBs (Feric et al. 2016). Hence, the significance of this polymorphism lies in
discerning the properties and function of the large central domain of metazoan Nopp140
orthologues.
3.2 Repeat Patterns in the Second Exon of the Nopp140 Gene
The large central domain of both Nopp140 isoforms in Drosophila melanogaster
consists of several alternating basic and acidic motifs. This domain is encoded by the
second exon of the Nopp140 gene (Flybase CG7421; FBgn0037137). We found a large
segment within this second exon that can be displayed as three distinct but overlapping
repeat patterns; we designate the patterns as P”, P’, and P (Fig 3.1 A). The repeat
patterns begin respectively at base pairs 874, 900, and 938 with these numbering
designations starting at the first base pair of the second exon (Fig 3.1 A). Repeat
pattern P’ consists of three tandem repeats of 96 bp each, and repeat pattern P”
consists of three 96 bp tandem repeats and a fourth incomplete repeat of 26 bp. On the
other hand, repeat pattern P has five tandem repeats of 48 bp followed by a sixth
incomplete repeat of 10 bp.
These repeat patterns contribute to the alternating basic (green) and acidic
(yellow) motif pattern within the central domain of both Nopp140 isoforms in Drosophila
melanogaster (Fig 3.1 B). For instance, the 96 bp repeat sequence in the P’ pattern
encodes basic residues (lysine) in its first half and acidic residues (glutamate and
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Fig 3.1. The second exon of Nopp140 gene in Drosophila melanogaster contains
multiple overlapping repeat patterns. A) Schematic representation of a region within the
second exon (1650 bp in length) of Nopp140 gene that contains three repeat patterns:
repeat pattern P with five 48 base bp repeats, repeat pattern P’ with three 96 bp
repeats, and region P’’ with three 96 bp repeats different from that of pattern P’.
Nopp140 genomic regions for two isoforms of Nopp140 protein, Nopp140-True and
Nopp140-RGG, are shown (solid blocks are exons and lines are introns). B) Complete
protein sequence of Drosophila Nopp140-True and Nopp140-RGG are shown. The
beginning and ending sequence of the common second exon are highlighted in blue.
Within the second exon, alternating acidic (containing aspartate and glutamate) and
basic (containing lysine and arginine) motifs are highlighted in yellow and green
respectively. The N-terminus (first exon which is common to both protein isoforms) and
C-terminus (which is unique to each protein isoform) are highlighted in grey. The entire
repeat pattern P’ region comprising of three 96 bp repeats is marked by brackets.
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aspartate) along with serine residues in the second half:
APAKATPAKAIPAKKAASSDDSSSEEEAPKK. These serine residues are likely
phosphorylated by casein kinase type II enzymes (Meier 1996) to contribute to the
acidic properties of the region.
3.3 Nopp140 Sequence Comparison Among Various Drosophila Species
When comparing the second exon of Nopp140 from Drosophila melanogaster
with Nopp140 genes from other Drosophila species (D. simulans, D. yakuba, D. erecta,
D. ananassae, D. pseudoobscura, D. virilis, and D. grimshawi), we found that only D.
melanogaster carries the repeating patterns P”, P’ and P. The other species carry
roughly one third of the entire repeat segment (Fig 3.2). For instance, while D.
melanogaster and D. simulans are closely related species, D. simulans lacks 195 bps
encoding 65 amino acids, essentially the latter two P’ repeats as compared to D.
melanogaster. This suggests that a single P’ repeat is functionally sufficient for
Nopp140-like proteins in the other Drosophila species, and that the extra repeats may
have duplicated independently in D. melanogaster.
3.4 Nopp140-Long and Nopp140-Short Alleles in Drosophila melanogaster
Here we describe a polymorphism in the Nopp140 gene of Drosophila
melanogaster that involves the number of P’ pattern repeats described in the previous
section. The allele with two repeats is referred to as Nopp140-Short, while the allele
with three repeats is referred to as Nopp140-Long. Both alleles appear to be functional:
fly lines homozygous for one or the other allele show no discernible abnormality. We
investigated five fly lines (w1118, Oregon-R-C, Canton-S, Daughterless-GAL4, and
TM3/Et50). For each fly line, we used three PCR primer pairs I, II, and III to amplify
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Fig 3.2. Sequence alignment of Drosophila melanogaster Nopp140 gene and Nopp140like protein coding gene from seven other Drosophila species. Shown here is the
alignment of Nopp140 second exon containing the three repeat patterns P, P’, and P’’.
The first nucleotide of each repeat region is indicated by an arrow, the nucleotide
number is in parenthesis (numbering begins at the first nucleotide of the second exon),
and the arrowhead indicates the end of all repeats.
the Nopp140 gene region from genomic DNA extracted from forty adult flies. Together,
the three primer pairs covered the entire Nopp140 gene (Fig 3.3 A). While primer pairs I
and III each produced a single PCR product of expected size (1046 bp and 1280 bp,
respectively) in all five fly lines, primer pair II generated either one or two PCR products
(881 bp and/or 977 bp) depending on the fly line, more specifically, the long or short
alleles (Fig 3.3 A). The w1118 fly line produced only the short PCR product of 881 bp,
indicating this stock is homozygous for Nopp140-Short. Oregon-R-C, Canton-S, and
Daughterless-GAL4 (Da-GAL4) fly lines produced the 977 bp PCR product. These lines
are therefore homozygous for Nopp140-Long. Primer pair II amplified both PCR
products of 881 bp and 977 bp from genomic DNA isolated from the TM3/Et50 fly stock.
Thus, this stock is heterozygous for the Nopp140-Long and Nopp140-Short alleles (Fig
3.3 A). Subsequent work with a Nopp140 gene deletion (He et al. 2015) balanced with
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TM3 showed that this TM3 balancer chromosome contains the Nopp140-Short allele
(Fig 3.3 B).
Sequencing the various PCR products obtained from the five fly lines (Fig 3.3 A)
revealed that the Nopp140-Short allele consists of two P’ repeats (1 and 2), whereas
the Nopp140-Long allele contains three P’ repeats (1, 2, and 3), all of which are exactly
96 bp in length. Each repeat encodes a 31 amino acid peptide sequence, with functional
codons starting with the second nt within the repeat thus leaving 2 nts at the end of the
repeat (see Fig 3.3 C).
The nucleotide sequence of the three repeats is identical except at three codons
(codons 5, 11, and 25; underlined in Fig 3.3 C). Codon 5 encodes alanine in all three
repeats using either GCT or GCC. Codon 25 encodes glutamate in all three repeats
using either GAG or GAA. Interestingly, codon 11 encodes amino acids that are unique
to each repeat; specifically, repeat 1 uses ATT encoding isoleucine, repeat 2 uses CCT
encoding proline, and repeat 3 uses ACT encoding threonine (boxed enclosure in Fig
3.3 C; the sequencing chromatograms for these unique codons are provided). Thus, we
can distinguish among the three repeats of the P’ pattern using these particular codons.
While sequencing the PCR primer pair II products, we simultaneously sequenced the
PCR products obtained with primer pairs I and III; the sequences for these PCR
products were identical among all five fly lines examined (sequence reads are provided
in Appendix D).
3.5 Preferential Amplification of the Long PCR Product in Genomic PCRs
In our PCR analyses of fly lines heterozygous for the Nopp140-Long and
Nopp140-Short alleles, such as in TM3/Et50 or TM3/Sb, we consistently observed the
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Fig 3.3. Two Nopp140 alleles, Nopp140-Short and Nopp140-Long, exist in Drosophila
melanogaster. A) PCR amplification of Nopp140 genomic DNA region (from start to stop
codon for Nopp140-True isoform) in five Drosophila fly lines (n=40; 20 adult male flies
and 20 adult female flies): w1118, Oregon-R-C, Canton-S, Daughterless-GAL4 (DaGAL4), and TM3/Et50 , using three primer pairs, I, II and III (F = Forward, R = Reverse).
B) The TM3 balancer chromosomes (TM3 and TM3,GFP) present in the Nopp140 gene
deletion line, KO121 (He et al. 2015), contains the Nopp140-Short allele similar to the
w1118 fly line. Intronic primers flanking the entire second exon of Nopp140 amplified
short PCR product (1753 bp) for both KO121 and w1118 genomic DNA, and long PCR
product (1849 bp) for Da-GAL4 genomic DNA (Da-GAL4 fly line carries the Nopp140Long allele). ‘n’ refers to the number of flies used to extract genomic DNA. C) Nopp140Short and Nopp140-Long alleles have two and three repeats respectively,
corresponding to repeat pattern P’, and the repeats are numbered 1, 2 and 3 in the 5’ to
3’ direction on the coding strand. The nucleotide sequences of the three repeats of
pattern P’ and the corresponding amino acid sequences for each repeat are shown. The
codons at which the three repeats differ are underlined, and within the box are the
codons that encode for variable amino acids that are unique to each repeat.
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long PCR product in greater abundance compared to the short product. We used primer
pairs II and IV to amplify short and long products from theTM3/Et50 fly line (see Fig 3.3 A
and Fig 3.4 A, respectively), and primer pair IV to amplify short and long products from
the TM3/Sb fly line (Fig 3.4 A). We had similar observations using genomic DNA
extracted from the F1 progeny (Da-GAL4/+, n=40) using primer pair IV (Fig 3.4 A).
These F1 progeny were obtained from a cross between the Da-GAL4 stock
(homozygous for Nopp140-Long) and the w1118 stock (homozygous for Nopp140-Short).
The Da-GAL4 transgene resides on the third chromosome along with Nopp140-Long.
Since the Da-GAL4 transgene is marked with mini-white+, we can track this particular
chromosome in subsequent crosses. We obtained the same unequal product
abundance between long and short products when we performed single fly PCR
analyses. We used primer pairs IV and V to amplify genomic DNA extracted from single
Da-Gal4/+ F1 adult male flies (Fig 3.4 B). The long PCR product was always in greater
abundance compared to the short product.
Since we were dealing with repeat sequences, we considered the possibility that
the overabundance of the long product was a PCR artefact. Therefore, we amplified the
repeat region with primer pairs that were set further away from the repeats and within
the two introns flanking the second exon; increasing distance of the primer annealing
sites relative to the repetitive sequence is known to improve amplification of major PCR
products and significantly reduce undesired PCR artefacts (Hommelsheim et al. 2014).
With these intronic primers, we expected equal amplification of the long and short PCR
products from heterozygous flies. However, the long PCR product was still more
abundant than the short PCR product when using genomic DNA extracted from both
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Fig 3.4. Nopp140-Long allele is preferentially amplified in genomic PCRs. A) PCR
amplified Nopp140 second exon containing repeat pattern P’ in different Drosophila
melanogaster fly lines (n=40; 20 adult male flies and 20 adult female flies) using two
different primer pairs, IV and V (F = Forward, R = Reverse). Primer annealing sites on
the Nopp140 second exon are indicated in the schematic diagram. B) Primer pairs IV
and V were used to amplify the repeat pattern P’ from F1 heterozygotes (Da-GAL4/+)
obtained from reciprocal crosses (A and B) between Da-GAL4 and w1118 (Fig cont’d)
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flies. Two PCR products of 96 bp difference were amplified indicating presence of both
long and short Nopp140 alleles. M1-M4 are PCR samples in which genomic DNA
extracted from single adult male flies was used as templates. Quantifications of the
band intensities of the long and short PCR products for the single male genomic PCRs
are included. An unpaired one-tailed t-test with unequal variance was performed; pvalues were 2.1E-07 and 4.6E-06 for PCRs with primer pairs IV and V respectively).
C) PCR amplified Nopp140 second exon containing repeat pattern P’ in F1
heterozygotes Da-GAL4/+ (n=12 adult male flies) obtained from three separate crosses
(C, D, E) between Da-GAL4 and w1118 flies, and from individual third instar larvae (L1,
L2, L3) obtained from cross B, using an intronic primer pair that spans the entire
Nopp140 second exon. Quantification of the band intensities of the long and short PCR
products from the adult male genomic PCR and the single third instar larva genomic
PCR are included. An unpaired one-tailed t-test with unequal variance was performed;
p-values were 1.5E-09 and 2.4E-4 for PCRs using genomic DNA of twelve adult flies
and single third instar larvae respectively.
male adult flies (n=12) from three separate crosses, C, D, and E, and from a set of three
single third instar larva, L1-3 (Fig 3.4 C).
Based on these results, we considered the possibility of an in vivo gene
conversion event occurring in the heterozygous flies whereby an insertion of a 96 bp
repeat into the Nopp140-Short alleles would increase the abundance of the Nopp140Long alleles. This could explain the overabundance of the long PCR product in the
heterozygous genomic PCRs. In order to test for this possibility, we amplified the
second exon of Nopp140 from a mixture of genomic DNAs containing equal amounts
(50 ng each) from w1118 flies (homozygous for Nopp140-Short allele) and Da-GAL4 flies
(homozygous for Nopp140-Long allele) using the same intronic primers. This in vitro
mixing should closely mimic the genomic DNA sample from heterozygous flies, and
eliminate the possibility of any gene conversion events. Once again, the long PCR
product was more abundant than the short PCR product (Fig 3.5) indicating that this is
simply a PCR artefact, but one that is consistent and predictable.
In summary, we report a PCR phenomenon in which the longer genomic
fragment with repeats 1, 2 and 3 was preferentially amplified compared to the shorter
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genomic fragment with two repeats 1 and 2, despite equal amounts of the Nopp140Short and the Nopp140-Long alleles present as templates. We never observed the
opposite result where the short product was more abundant than the long product.

Fig 3.5. Genomic PCRs using an intronic primer pair with in vitro mixture of genomic
DNA. Following three templates were used: 50 ng of w1118 genomic DNA (contains
only the Nopp140-Short allele), 50 ng of Da-GAL4 genomic DNA (contains only the
Nopp140-Long allele), or a mixture of 50 ng each of w1118 and Da-GAL4 genomic DNA
(contains both Nopp140-Short and Nopp140-Long alleles in equal quantities). Two PCR
products of 96 bp difference, 1849 bp and 1753 bp, were amplified among which the
longer one was over amplified in PCR with the mixed genomic DNA sample (Da-GAL4 +
w1118). An unpaired one-tailed t-test with unequal variance was performed for the mixed
genomic PCR sample (n=5 reactions); a p-value of 0.0040 was obtained.
3.6 PCR Amplification of Undesired Fragments with Repetitive DNA Sequences
Studies have shown that amplification of DNA with repetitive sequences can
produce an array of undesired fragments with variable number of repeats
(Hommelsheim et al. 2014). Indeed, upon amplification of the repeat pattern P’ with
primer pair V, PCR products of variable sizes were amplified producing a laddering
effect (Fig 3.6 A). There were undesired PCR products both longer and shorter than the
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Fig 3.6. PCR of repetitive DNA sequences generates artefacts. A) PCR using primer
pair V amplified the repeat pattern P’ from either a 1281 bp short template DNA
containing two 96 bp repeats or a 1371 bp long template DNA containing three 96 bp
repeats. The bands enclosed in white boxes are the major PCR products of expected
sizes, and the undesired fragments that were also sequenced and analyzed in this
study are indicated by asterisks. B) Sequence chromatograms of minor PCR products
amplified from a 1371 bp long template DNA containing three 96 bp repeats 1, 2, and 3
of repeat pattern P’ are provided. Approximately 400 bp minor PCR product (marked by
an asterisk in A) contained two 96 bp repeats, either repeat 1 and 2, or repeat 1 and 3.
Sequence chromatogram starting from the first base pair of repeat 1 and ending a few
bases downstream of the repeat pattern P’ is provided. The unique codons that are
used to identify the individual repeats are underlined. Most of the (Fig cont’d)
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sequencing reads indicated presence of repeat 1 (ATT) and 2 (CCT) in the ~400 bp
minor PCR product, while others revealed presence of repeat 1 and 3 (ACT) as shown
in the boxed inlet by the two overlapping peaks for the first base of the unique codon
(green for base ‘A’ and blue for base ‘C’). Approximately 300 bp minor PCR product
(marked by an asterisk in Fig 4B) contained a single 96 bp repeat which was either
repeat 1 or 3 as indicated by two overlapping peaks for the second base of the unique
codon (blue for base ‘C’ and red for base ‘T’). Following the first 96 bp repeat, the
downstream sequence reads contained either sequence for the region downstream of
the repeat patter P’ or a second 96 bp repeat. The latter was detected likely due to
gaussian distribution of the ~400 bp minor PCR fragment.
major PCR product (boxed in Fig 3.6 A). Surprisingly, when using a short DNA fragment
of 1281 bp (the short template) that contained two P’ repeats (1 and 2) as template,
sequencing analysis confirmed that one of the higher molecular weight PCR fragments
(marked by an asterisk in Fig 3.6 A) contained three P’ repeats: 1, 2, and 3 (in this order
5’ to 3’, each distinguishable by the unique codons described earlier). Likewise, when
using the long template (1377 bp) that had three P’ repeats (1, 2, and 3), one of the
lower molecular weight PCR products contained two P’ repeats 1 and 2, another had
two P’ repeats 1 and 3, and yet another had either repeat 1 or 3 (marked by asterisks in
Fig 3.6 A). Sequence chromatogram that were used to identify the repeats in the ~400
bp and ~300 bp undesired fragments from amplification of the long template are
provided (Fig 3.6 B).
Undesired PCR fragments were occasionally amplified in w1118 genomic PCRs as
well (although we did not include such gel images in this chapter). For example, in w1118
genomic PCRs using primer pair IV, a minor PCR product that contained repeats 1, 2,
and 3 of the repeat pattern P’ was amplified, although w1118 fly line is homozygous for
the Nopp140-Short allele (Fig 3.7). The minor product was of the size expected for a
long PCR amplicon produced from Da-GAL4 genomic PCRs (Fig 3.7 A), and
sequencing analysis revealed that it contained two distinct DNA molecules (Fig 3.7 B).
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w1118 Short PCR product
5’GGCCTCTTGTGATGATAGTTCCTCTGAGACGAGGCACCCAAAAAGGCAGCAACTCT
CGCAAAGCCCATTTCTAAGGCTGCTCCCACCAAAAAGGCCGACAGTTCCACTGAGG
ATAGTTCTTCGGAAGACGATGCTCCTAAGAAGGTAGCTCCAGCAAAGGCTACGCCA
GCTAAGGCAATTCCTGCCAAGAAGGCAGCTTCCAGCGATGACAGCTCCTCGGAGGA
AGAGGCGCCCAAGAAGGCAGCTCCAGCAAAGGCCACGCCAGCTAAGGCACCTCCT
GCCAAGAAGGCAGCTTCCAGCGATGACAGCTCCTCGGAAGAAGAGGCGCCCAAGA
AGGC[TGCCGCCCCAGCGAAGGCGACACCGGCCAAAAAGGCCTTGTCTTCACGCGA
AGACGGATTCCACC] end of sequence

w1118 Long PCR product

5’GGCCTCTTGTGATGATAGTTCCTCTGAGACGAGGCACCCAAAAAGGCAGCAACTCT
CGCAAAGCCCATTTCTAAGGCTGCTCCCACCAAAAAGGCCGACAGTTCCACTGAGG
ATAGTTCTTCGGAAGACGATGCTCCTAAGAAGGTAGCTCCAGCAAAGGCTACGCCA
GCTAAGGCAATTCCTGCCAAGAAGGCAGCTTCCAGCGATGACAGCTCCTCGGAGGA
AGAGGCGCCCAAGAAGGCAGCTCCAGCAAAGGCCACGCCAGCTAAGGCACCTCCT
GCCAAGAAGGCAGCTTCCAGCGATGACAGCTCCTCGGAAGAAGAGGCGCCCAAGA
AGGC[AGCTCCAGCAAAGGCCACGCCAGCTAAGGCAACTCCTGCCAAGAAGGCAGC
TTCCAGCGATGACA]GCTCCTCGGAAGAAGAGGCGCCCAAGAAGGCTGCCGCCCCA
GCAAAGGCGACACCGGCCAAAAAGGCCAAGTCTTCAAGCGAAGACGAATTCCACCA
C

5’ à 3’

Fig 3.7. w1118 genomic PCRs amplified a minor PCR product that contained repeats 1,
2, and 3 of the repeat pattern P’. A) Primer pair IV was used to amplify a section of
second exon of Nopp140 containing the repeat pattern P’. Expected sizes were 1377 bp
for long PCR product amplified from the Nopp140-Long allele present in Da-GAL4 fly
line and 1281 bp for short PCR product amplified from the Nopp140-Short allele present
in w1118 fly line. However, w1118 genomic PCRs produced a minor product of the size
expected for a long amplicon produced from Da-GAL4 genomic PCRs. B) Sequencing
analysis revealed that the minor PCR product in w1118 genomic PCR contained two
distinct DNA molecules. One was short PCR product with repeat pattern P’ that
contained tandem repeats 1 (highlighted in green) and 2 (highlighted in yellow) detected
due to gaussian distribution of DNA molecules during gel electrophoresis. The other
was a long PCR product with repeat pattern P’ that contained tandem repeats 1, 2 and
3 (highlighted in pink) although w1118 genomic DNA is homozygous for Nopp140-Short
allele. Codons unique to each repeat are underlined. B) The sequences marked by bold
square brackets in C were manually extracted from the boxed region of sequence
chromatogram pertaining to w1118 minor PCR product.
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One was short PCR product with repeat pattern P’ that contained tandem repeats 1
(highlighted in green) and 2 (highlighted in yellow) detected due to gaussian distribution
of DNA molecules during gel electrophoresis (Fig 3.7 C). The other was a long PCR
product with repeat pattern P’ that contained tandem repeats 1, 2 and 3 (highlighted in
pink; Fig 3.7 C).
3.7 Discussion
Vertebrate NOCL1 and TCOF1 genes use multiple exons to encode alternating
acidic and basic motifs that repeat to comprise large central domains in their protein
products. The Drosophila Nopp140 gene, however, uses a single large exon to encode
a similar large central domain with alternating acidic and basic repeating motifs. We
described three repeat peptide sequence patterns within this central domain. The
repeats within a single pattern occur in tandem, but the three different patterns overlap
with each other (Fig 3.1 A). One of the patterns, P’, consists of 96 bp tandem repeats in
Drosophila melanogaster, but other closely related Drosophila species did not carry the
sequence as tandem repeats, suggesting that the repeat region in the Drosophila
melanogaster Nopp140 gene may have originated relatively recently in evolutionary
time.
Here we identified length polymorphisms affecting the number of P’ repeats.
Various fly lines carry either two or three 96 bp P’ tandem repeats. Hence, we describe
the two Nopp140 alleles as either Nopp140-Short (two repeats) or Nopp140-Long (three
repeats). The individual repeats can be identified by single nucleotide polymorphisms
that exist in codon 11 (see Fig 3.3 C); the Short allele contains repeats 1 (ATT) and 2
(CCT), and the Long allele contains repeats 1 (ATT), 2 (CCT), and 3 (ACT). We

198

described D. melanogaster fly lines that are homozygous for either the long allele or the
short allele. Balanced fly lines can be heterozygous for both alleles.
Possible PCR Artefacts:
We consistently observed the second exon of Nopp140-Long allele was over
produced by PCR compared to that of the Nopp140-Short allele. The two alleles should
be present in equal numbers in the genomic DNA extracted from heterozygous
individuals, and hence PCR amplification should theoretically yield equal amounts of
PCR products from the two alleles. Initially we considered an in vivo gene conversion
event in which the Nopp140-Short allele is preferentially converted to the Nopp140Long allele as a possible explanation because we found that w1118 genomic PCRs
amplified a minor PCR product of the size expected for a long PCR product on certain
occasions (Fig 3.7). While we did not carry unbalanced heterozygotes (Da-GAL4/w1118)
past two generations to test the stability of the long versus short alleles, we did test
different larval tissues to see if amplification of the long allele was restricted to polyploid
(midgut) versus diploid (brain) tissues, but we saw no difference; the long allele was
always preferentially amplified regardless of the source of genomic DNA.
In a simple mixing experiment, we combined genomic DNA homozygous for
Nopp140-Long with equal amounts of genomic DNA homozygous for Nopp140-Short,
and observed the same preferential amplification of the long allele. This in vitro mixing
experiment refutes an in vivo gene conversion event. Confusing the issue however,
w1118 genomic DNA is homozygous for Nopp140-Short allele containing only tandem
repeats 1 and 2, but we identified minor amplicons from w1118 genomic DNA with repeat
pattern P’ containing tandem repeats 1, 2 and 3 (Fig 3.7). Likewise, we consistently
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amplified (and sequenced) a 521 bp PCR product with repeat pattern P’ that contained
tandem repeats 1, 2 and 3, although the 1281 bp template with repeat pattern P’
contained only tandem repeats 1 and 2.
We have yet to explain this preferential PCR amplification of the long product
versus the short product, but we may have an explanation for the amplification of short
PCR products with repeats 1 and 2, 1 and 3, or a single repeat 1 (Fig 3.4 B) from the
1371 bp template DNA that contained all three tandem repeats. Studies by others have
shown that PCR amplification of repetitive DNA regions can generate undesired
fragments of variable sizes containing haphazard combinations of repeats, similar to our
observation shown in Fig 3.4 B. PCR products with variable repeats could potentially
arise from an initial production of incomplete, single-stranded fragments that then acted
as mega-primers in subsequent PCR cycles. These mega-primers would then misalign
with the existing templates at the repetitive sites, thereby resulting in an array of PCR
fragments of sizes other than the major product (Hommelsheim et al. 2014).
Implications for Long versus Short Nopp140 Alleles:
Earlier, we showed that partial depletion of Nopp140 in Drosophila by siRNA
expression resulted in Minute-like phenotypes such as deformed wings, legs, and
tergites (Cui and DiMario, 2007). These phenotypes were similar to those observed with
the various haplo-insufficiency Minute mutations in genes encoding ribosomal proteins,
and reminiscent of the phenotypes associated with the TCS (Sæbøe-Larssen et al.
1997, Cui and DiMario 2007). Flies homozygous for either the short allele or the long
allele, or flies heterozygous for the two alleles are viable and do not exhibit any of the
discernible phenotypes associated with the partial depletion of the Nopp140 isoforms.
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While the P’ repeat polymorphism does not seem to have a significant impact on
the core functions of Nopp140, the protein’s central domain is generally considered to
be an unstructured region. Recent studies have revealed the important role of inherently
disordered proteins (IDPs) in promoting phase separation to form subcellular
membrane-less compartments or assemblages (Toretsky and Wright, 2014). Nopp140
resides in the nucleolus and the Cajal bodies; both are membrane-less compartments
within nuclei (Isaac et al. 1998). The large central domain of Nopp140 likely contributes
to a myriad of protein-protein interactions and protein-RNA interactions that occur in
these sub-nuclear compartments. Future work should establish how this unstructured
central domain of Nopp140 may be involved in these interactions and perhaps the
phase-separations of the nucleolus and Cajal bodies.
3.8 Materials and Methods
3.8.1 Fly lines
Flies were obtained from the Bloomington Drosophila Stock Center (Indiana
University) and maintained in the laboratory at room temperature on standard cornmeal
medium. The following fly stocks were used: w1118 (Bloomington stock 3605),
Daughterless-GAL4 (Da-GAL4; Bloomington stock 8641), Oregon-R-C (Bloomington
stock 5), Canton-S (Bloomington stock 64349), the third chromosome balancer stock
w*; Sb1/TM3, P{ActGFP}JMR2, Ser1 (referred to as TM3-GFP, Bloomington stock
#4534), the third chromosome balancer stock w–/w–; ScmEt50 e/TM3 Sb1, Ser (referred
to as TM3/Et50, originally from J. A. Simon, University of Minnesota), the second
chromosome balancer stock cn1 bw1 sp1 zip1/CyO (referred to as CyO/Sp1, Bloomington
stock 4199), and Nopp140 gene deletion line (He et al. 2015).
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3.8.2 Genomic DNA extraction
Healthy well-fed flies were frozen at -80° C for 10 minutes and subsequently
homogenized in 100 mM Tris-HCl (pH 7.5), 100 mM EDTA, 100 mM NaCl, and 0.5%
SDS. Following 30 min incubation at 70° C, genomic DNA was precipitated in 1:2 ratio
of 5 M KOAc: 6 M LiCl on ice for 10 min. The precipitated genomic DNA was purified
using phenol-chloroform extraction, followed by ethanol precipitation. The DNA pellet
was suspended in deionized water, and the DNA concentration was measured by a
NanoDrop 1000 Spectrophotometer.
3.8.3 PCR amplification and band analysis
PCR reactions were performed in 25 µL total volume containing 50-100 ng
(unless otherwise specified) of genomic DNA, 0.40 µM of each primer (primer
sequences in Appendix E), 0.160 mM of each dNTP, 0.30 mM of MgCl2, 0.5 X Phusion
GC Buffer, and 0.40 unit of Phusion high-fidelity DNA polymerase (M0530S, New
England BioLabs). Amplification was performed in a BIO-RAD C1000 Thermal Cycler
with the following thermal cycling conditions: 2 min initial denaturation at 95° C, followed
by 34 cycles of denaturation for 30 sec at 95° C, annealing for 30 sec at varying
temperatures as per the primer pairs, and elongation at 72° C for varying lengths of time
depending upon the amplicon sizes, followed by 5 min at 72° C. Phusion polymerase
was used for all genomic PCRs. For the PCRs in Fig 3.4 B, the 25 µL reaction volume
contained 1.0 unit of Taq DNA Polymerase (MO267S, New England BioLabs), 1 X
ThermoPol Buffer, 0.40 µM of each primer, 0.160 mM of each dNTP, and 0.5 µL of gel
extracted DNA fragments as templates. The PCR products were resolved on 1%
agarose gels and imaged by ChemiDoc XRS+ system (Bio-Rad Laboratories). Image
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LabTM Software 6.0.1 (BioRad Laboratories) was used to quantify band intensities
followed by Student’s t test analysis on Microsoft Excel to obtain p-values.
3.8.4 DNA sequencing and sequence analysis
Following phenol-chloroform gel extraction and ethanol precipitation, the PCR
products were sequenced with an ABI 3130XL Genetic Analyzer (Applied Biosystems)
using BigDye Terminator Cycle Sequencing kit v.3.1. The forward and reverse primers
used for PCR amplification (primer sequences in Appendix E) were used as primers to
sequence the PCR products in both forward and reverse directions. Sequences were
analyzed and aligned using CLC Sequence Viewer (QIAGEN Bioinformatics).
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CHAPTER 4. CONCLUSIONS AND FUTURE STUDIES
The goal of our study is to establish a model system to study human
ribosomopathies in Drosophila melanogaster, specifically to understand the underlying
mechanisms that contribute to stem cell and progenitor cell specificity associated with
these syndromes. The Treacher Collins Syndrome is a human ribosomopathy caused
by haploinsufficient mutations in the TCOF1 gene which encodes for the treacle protein.
Drosophila Nopp140, nucleolar phosphoprotein of 140 kDa, is most similar to human
treacle. Therefore, we have generated Nopp140 gene disruption lines using the
CRISPR-Cas9 gene editing tool. Our study of the Nopp140-/- larvae has revealed that
different larval neuroblast (NB) lineages respond variably to nucleolar stress induced by
the loss of Nopp140. We found the Mushroom Body (MB) NBs to be more resilient to
nucleolar stress compared to other larval neuroblast lineages. This differential response
to a systemic Nopp140 null genetic condition by different populations of neuroblast
lineages supports the Drosophila neuroblasts as a model for the study of human
ribosomopathies.
4.1 Nucleolar Stress Due to CRISPR-Disrupted Nopp140
Among the seven independent DsRed-disrupted Nopp140 lines we generated
using CRISPR-Cas9 (Fig 2.3), we chose the J11 line for our work. We also generated
non-DsRed J11 lines, A5 and A7, by disrupting the DsRed gene using CRISPR-Cas9
(Fig 2.5) for immunofluorescence studies. While low levels of maternal Nopp140
transcripts were detected in the Nopp140-/- larvae at day 1-2 ALH, transcripts
generated from the DsRed-disrupted Nopp140 allele were not detected, suggesting that
the homozygous Nopp140 disruption progeny provided a systemic null phenotype (Fig
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2.6). In addition to the maternal Nopp140 transcripts, the Nopp140-RGG protein was
also detected in the Nopp140-/- larval brain and gut tissue, but at a lower level
compared to wild-type (Fig 2.7 A-C). By day 3-4 ALH, the Nopp140-RGG protein signal
was significantly reduced in the Nopp140-/- larval brain compared to the wildtype. We
conclude that both the maternal Nopp140 transcripts and maternal Nopp140 protein
persist in the very early Nopp140-/- larvae, sustaining larval survival temporarily even
under a complete loss of zygotic Nopp140 mRNA and protein.
Loss of Nopp140 led to overall larval growth impairment in the Nopp140-/- larvae,
and these larvae did not develop beyond the second instar larval stage (Fig 2.4 A). We
found embryonic lethality associated with both homozygous and heterozygous Nopp140
disruption (Fig 2.8 A), suggesting that Nopp140 may exhibit haploinsufficiency similar to
Treacle minus genotypes in humans (the Treacher Collins Syndrome (TCS)). In the
Nopp140-/- larval stages, we found that 50% of the total Nopp140-/- larvae died at day 6
(which is when the pupal stage normally begins) (Fig 2.8 B). Intriguingly, some of the
Nopp140-/- larvae lived up to 24 days (Fig 2.8 B), exhibiting a variability in penetrance
of the nucleolar stress effects which is reminiscent of phenotypic variability among TCS
individuals. Random differences in nutritional input during early larval stages may be
one of the reasons why some Nopp140-/- larvae that are nutritionally deprived die early,
and others that receive enough nutrition live longer. Inherent variability in the maternal
Nopp140 mRNA and protein concentrations among the embryos may also contribute to
the wide range of lifespan for the Nopp140-/- larvae.
Analysis of the larval brain morphology in Nopp140-/- larvae as well as neuronspecific RNAi targeting of Nopp140 indicated that larval brain development was
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severely impaired under the loss of Nopp140 as marked by a hypoplastic brain
phenotype (Fig 2.9 A, B). Immunostaining with anti-Disc large (that labels the neuropile
region of the larval brain) indicated that the cell body mass was reduced in the
Nopp140-/- central brain lobes compared to the wild-type brain lobes. We also observed
a significant reduction in number as well as in the size of neuroblast (NB) lineages in the
entire brain of J11 Nopp140-/- larvae using mCD8-GFP reporter that labeled all
neuroblast lineages (Fig 2.10 A). Furthermore, loss of Nopp140 compromised nuclear
sizes of both the neuroblasts and neurons in the Nopp140-/- larval brains (Fig 2.12).
These results suggested that there were overall fewer and smaller neuroblast lineages
in the Nopp140-/- larval brains.
The neuroblasts in the Nopp140-/- larval brains expressed Deadpan, a
transcription factor necessary for NB self-renewal, however the intensity of the Dpnsignal grew weaker with the age of the larvae (day 1 to 6 ALH) (Fig 2.10 B), suggesting
that the neuroblasts were losing their stem-cell property over time. This could explain
why the Nopp140-/- larval brains do not show significant growth 6-7 days ALH (Fig 2.9
A). Another factor that contributed to the hypoplastic brain phenotype of the Nopp140-/larval brain was reduced NB proliferation as shown by the EdU labeling assay (Fig 2.11
A). In summary, nucleolar stress in the Drosophila larval brain leads to reduction in
neuroblast populations as well as the proliferative capacity of the dividing neuroblasts.
As a result, the larval brain development and ultimately the whole organism’s
development is severely impaired.
Interestingly, we consistently observed four closely clustered EdU- and Dpnpositive NBs, that had exited quiescence on the anterior end of the Nopp140-/- central
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brain at day 2-3 ALH (marked by arrows in Fig 2.11 A), and these NBs continued to
generate prospero-labeled GMCs up to day 6-7 ALH (Fig 2.11 B). In the OK107>mCD8GFP; A7/A7 (Nopp140-/-) larvae at day 3 ALH, the EdU-positive cells in the anterior
region of the CB always resided within the MB lineage-cell cluster labeled with mCD8GFP (Fig 2.13 B), suggesting that the four EdU-positive, S-phase NBs in the Nopp140-/larval brain (Fig 2.11 A) are indeed MB NBs. Unlike other NB lineages, the MB NBs are
also able to partially evade the effects of nucleolar stress as indicated by the presence
of fibrillarin within their nucleoli, while fibrillarin redistributed to the nucleoplasm in the
surrounding
cellsDifferent
(Fig 2.14).neuroblast
Hence, we conclude
MB NBs
are moreto
resilient
to
Conclusion:
types that
respond
variably
nucleolar

stress; Supports
thebyuse
of nucleolar
in Drosophila
neuroblasts
nucleolar
stress induced
the loss
of Nopp140stress
compared
to other neuroblast
lineages
as a model for human ribosomopathy, the Treacher Collins Syndrome

(Fig 4.1).

Fig 4.1. An overall hypothesis for the nucleolar stress response induced by loss of
Nopp140 in the Drosophila larval neural system. We show that the Mushroom Body
neuroblasts (NBs) are more resilient to nucleolar stress compared to other neuroblast
lineages. Hence, different NB lineages respond variably to nucleolar stress, and this
supports the use of nucleolar stress in Drosophila neuroblasts as a model for human
ribosomopathy.
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4.2 Nopp140 Gene Polymorphism
We also describe several repeating but overlapping amino acid sequence
patterns within the large central domain of Nopp140 in Drosophila melanogaster, but not
in other Drosophila species (Fig 3.1, 3.2). The two Nopp140 alleles in Drosophila
melanogaster, Nopp140-Long and Nopp140-Short differ by exactly 96 bps within the
central domain (Fig 3.3). Both alleles seem to be functional as there are no apparent
adverse phenotypes in flies expressing one or the other allele. We also consistently
observed the second exon of the Nopp140-Long allele was over produced by PCR
compared to that of the Nopp140-Short allele. We determined that this preferential
amplification of the long sequence was a PCR artefact, for reasons that remain
unknown. PCR fragments with various combinations of repeats were isolated, which
were likely generated due to misalignment of megaprimers on the repetitive region of
the Nopp140 second exon. Polymorphisms in Nopp140’s central domain could
potentially influence assemblage and phase separations (Toretsky and Wright 2014) of
nucleoli and Cajal Bodies (Feric et al. 2016). Hence, the significance of this
polymorphism lies in discerning the properties and function of the large central domain
of metazoan Nopp140 orthologues.
4.3 Future Studies
First, the expression pattern of the two Nopp140 protein isoforms within the
Drosophila larval brain remains to be determined. The Drosophila neuroblast (NB)
lineage-specific transcriptome analysis revealed that the transcript levels of Nopp140 is
significantly higher in the Mushroom Body (MB) NBs than in the Antennal lobe (AL) NBs
and the Type II NBs. Based on this analysis, we expect to find higher levels of Nopp140

210

transcript as well as Nopp140 protein, in the MB NBs compared to the surrounding NB
lineages. We have shown that the Nopp140-RGG protein isoform is present in the
nucleoli of the Nopp140-/- larval brain and gut tissue at day 1 ALH, which diminishes as
the larva ages. However, we do not know if the same pattern occurs for the Nopp140True isoform. We found nucleolar fibrillarin in the MB NB lineage cells in the Nopp140-/larval brain at day 3 ALH, but we have yet to determine if fibrillarin is present in all
neuroblast lineages in younger Nopp140-/- larvae. While fibrillarin is overall redistributed
to the nucleoplasm upon loss of Nopp140 in aged Nopp140-/- larvae, we have
occasionally seen nucleolar fibrillarin in some of the other neuroblast lineages besides
MB NB lineages. Determining the expression levels of the Nopp140 and fibrillarin in the
different NB lineages may provide clues to the differential response of the NB lineages
to the loss of Nopp140.
So far, we have studied the effects of nucleolar stress in the larval neuroblasts
under the loss of Nopp140, and demonstrated that the MB NBs are more resilient to
nucleolar stress compared to other NB lineages. If this is the case, then similar
observations should be made with other nucleolar and ribosomal stress conditions
induced by disrupting ribosome biogenesis factors other than Nopp140 or by depleting
ribosomal proteins that induces ribosomal stress. GAL4 drivers can be used to
overexpress Nopp140 in a subset of NB lineages, other than MB NB lineages, and test
if the subset of NB lineages is able to escape the effects of nucleolar stress. MARCM
(mosaic analysis with a repressible cell marker) is another effective method to study
clones of NB lineages within a single larval brain (Lee and Luo 2001). This method
involves FLP-FRT mediated mitotic recombination between two non-homologous
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chromosomes one of which carries a GAL80 construct; GAL80 binds to GAL4 activation
domain and inhibits its activity. Hence, after mitosis of a mother cell, one daughter cell
carries two copies of GAL80 and the other does not. This allows for UAS/GAL4
mediated expression of reporter gene in only one clone of daughter cells. Using this
system, clones of NB lineages with and without homozygous Nopp140
disruption/deletion could be compared and carefully studied side by side in the same
microenvironment.
James et al. (2013) showed that RNAi-depletion of Nopp140 induces caspasedependent apoptosis in the larval wing discs leading to defects in the adult wings.
Nopp140 depletion also triggered autophagy in the larval polyploid midgut cells as
marked by accumulation of mCherry-ATG8a in autophagic vesicles. We carried out
TUNEL assays and immunostaining with anti-Cleaved caspase 3 to test for apoptosis in
the Nopp140-/- larval brains. So far, we have not been able to detect apoptosis
definitively with either method (Appendix F). Some Nopp140-/- larvae had higher
background-like signal in entire brain tissues immunostained against anti-cleaved
caspase 3, but no distinct signal was observed. Autophagy is a survival mechanism and
is cytoprotective, but it also plays a role in cell death (Denton et al. 2010, Boglev et al.
2013). To determine if there is autophagy occurring in the Nopp140-/- larval brains, we
expressed mCherry-ATG8a in the Nopp140-/- genetic background and looked for the
presence of autophagosomes by confocal microscopy. The mCherry-ATG8a labeled
autophagosomes were present in the Nopp140-/- larval brains at day 1-3 ALH, similar to
the brain samples from the wild-type, starved third instar larva used as a positive control
(Appendix G). This suggests that autophagy is already induced upon nucleolar stress in
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the larval brains. However, we did not find any autophagosomes during our TEM
analyses of Nopp140-/- larval brains. Hence, at this point, we are unable to establish the
cell death pathway ongoing in the neural cells upon nucleolar stress, and therefore,
further more careful analyses of markers for the apoptotic or autophagic processes will
be needed.
TEM analysis of polyploid larval midgut cells in the original Nopp140 deletion
line, KO121, larvae showed a significant reduction in cytoplasmic ribosomes compared
to the wildtype cells (He et al. 2014). If this is the case, then the question is: how do
some of the Nopp140-/- larvae live up to 24 days, given that their cells are unable to
produce ribosomes, at least in the midgut cells? During our preliminary TEM studies, we
noticed that the cytoplasmic ribosomal content of some of the Nopp140-/- central brain
lobe cells (at day 5 ALH) was comparable to that of the wildtype of the same age;
however, the midgut cells were depleted in cytoplasmic ribosome as previously reported
(Appendix H). This was an unexpected observation, and we reasoned that the brain
tissues, in general, may respond to nucleolar stress differently and may have protective
mechanisms that gut tissues lack. We do not know at this point if the ribosomes
remaining in brain cells are functional or not, but we may speculate that these particular
larvae that show high cytoplasmic ribosomal content in their brain cells are the
Nopp140-/- larvae live for several days to weeks. To determine the extent of variability
in the cytoplasmic ribosomal content among the Nopp140-/- larval brain samples, we
need to examine a larger pool of brain samples by TEM. We can then look for a
possible correlation between the proportion of the Nopp140-/- brain samples with
normal-like cytoplasmic ribosomal content and the larval survivability.
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We tried to determine the functional state of the cytoplasmic ribosomes observed
by TEM in the Nopp140-/- larval brains. Preliminary results of an HPG (a methionine
analog that is incorporated into nascent peptides thereby indicating the functional status
of the ribosomes present in a cell) labeling assay indicated that the Mushroom Body
(MB) neuroblasts in some of the Noppp140-/- larval brain at day 1 ALH incorporated
HPG as an indication of active protein synthesis just like in the wildtype brain (Appendix
I). The MB NBs in these Nopp140-/- brains also immunostained positive for Deadpan,
similar to the wild-type brains. Other Nopp140-/- larval brains had low HPG signal,
indicating reduced nascent protein synthesis, and the Deadpan-signal intensity was
significantly low in the MB NBs of these brains. When we carried out the assay in
Nopp140-/- larvae at day 2-4 and 10-11 ALH, we found that some brains had high
cytoplasmic HPG signals, others had low HPG signals, and there were some with midlevel signals (Appendix I). Furthermore, as the Nopp140-/- larval age increased, the
proportion of Nopp140-/- whole larval brains with low HPG signal increased, indicating a
decline in the pool of functional ribosomes in the aging Nopp140-/- larval brains. Based
on these HPG labeling assays, we hypothesize that not all Nopp140-/- larvae are
affected the same way by the loss of Nopp140, and the phenotypic differences can be
detected in their brains as early as larvae hatching. This observation again ties in to the
phenotypic variability and a wide lifespan range we have observed in Nopp140-/- larvae.
Since the MB NBs in Nopp140-/- larval brains proliferate continually from day 1
ALH and up to several days after larval hatching, we hypothesize that the MB NB
lineages carry functional cytoplasmic ribosomes, whereas the surrounding NB lineages
are depleted in their cytoplasmic ribosome content. During our recent attempt to test
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this hypothesis, we carried out a TEM analysis following immunogold-labeling against
EdU molecules using anti-BrdU which cross-reacts well with EdU molecules (Liboska et
al. 2012). The EdU molecules are incorporated into newly synthesized DNA in the Sphase cells of the MB NB lineages in the Nopp140-/- larval central brains at day 2-3
ALH. We found that the EdU-positive cells, marked by the presence of 18 nm colloidal
gold clusters, had abundant cytoplasmic ribosomes compared to the neighboring cell
with less gold clusters in the Nopp140-/- brain (Appendix J). The wild-type larval brain,
on the other hand, had cytoplasmic ribosomes in all cells, as expected. Although we are
confident that the EdU-positive cells in the anterior region of the Nopp140-/- larval
brains are cells from the MB NB lineage, we cannot be fully certain unless the cells with
the colloidal gold clusters are specifically identified as MB NB lineage. To address this,
we plan to use immunogold-labeling TEM with an antibody against GFP molecules that
are restricted to the MB NB lineages that express mCD8-GFP under the MB lineage
specific OK107-GAL4 driver to demonstrate that the MB NB lineages carry cytoplasmic
ribosomes, whereas the surrounding NB lineages are ribosome-depleted.
In summary, we propose the Drosophila neuroblasts as a model system to study
human ribosomopathies. We show evidences for the differential response to a systemic
Nopp140 null genetic condition by different populations of neuroblast lineages in
Drosophila larval brain. Future studies may uncover differences in the nucleolar stress
responses as well as possible ribosome heterogeneity among these neuroblast
lineages. This would help us understand the underlying mechanisms that contribute to
stem cell and progenitor cell specificity associated with these syndromes.
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APPENDIX B. SEQUENCE READS SHOWING DSRED INSERTION WITHIN
NOPP140 GENE IN SEVEN NOPP140 DISRUPTION LINES

a

p

F186

DsRed gene

Second exon of Nopp140

Exon 1
1st intron

pDsRed plasmid
sequence

J11; Sequencing primer: Nopp140-2nd exon-186-Forward (“F186”)
5’NNNNNNNGATTCAGAGGANGANAGAGCCAGCAGCAAAGGCCACGCCGGCCAAG
GCTGTCGGCAAGAAGGCAAAATCCTCCAGCGAGGACAGTTCCTCGGAGGAAGAA
GCACCCAAAAAAGCTGCTCCAGTGAAGGCACCTCCGGCCAAGGCGGCTCCCGC
GAAGAAGGTTGAGTCCAGCAGCGAGGATAGCAGTTCCGAGGAGATCTTTACTAG
TGCTCTTCTATAACTTCGTATAGCATACATTATACGAAGTTATACCGGTTAAGATA
CATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTT
GTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATTACAAGCTGCAATAAACAA
GTTAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGG
AGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTATGGCTGATTATGATCTN
NAGTCGCGGCCCCTACAGGAACAGGTGGTGGCGGCCCTCGGCGCGCTCGTACT
GCTN
J47; Sequencing primer: Nopp140-Exon 1-Forward (“a”)
5’NNNNNNTNNGTGCAGAGCGGCAGTGCAATATGTGCGGTTTGGATGCACCCGAAA
CATGTGGTATCTGCGTCCTCCTGATCTAGAATCCGAGGGCCTTGCTGTCCGCCG
ATGGCTCATCGAGCTGTCCACCTGCCACTTGCTGCAAGTGCCACGTGCTTCGTC
CAGATAACCAAGAATTTCTGCCTTTTTCTAACTTGCAGGCCAGTGTCGCCAAAAG
CAGCCCAAAGTTGAGTGAAATCCTTCAGTTCTACCAGACCAAAAGCCCCAAAAAG
ATCCCAGCAATCAAGGCGACAG(227bpDELETION)GAAGAAGCACCCAAAAAAGC
TGCTCCAGTGAAGGCACCTCCGGCCAAGGCGGCTCCCGCGAAGAAGGTTGAGT
CCAGCAGCGAGGATAGCAGTTCCGAGGAGATCTTTACTAGTGCTCTTCTATAACT
TCGTATAGCATACATTATACGAAGTTATACCGGTTAAGATACATTGATGAGTTTGG
ACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATG
CTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAATT
GCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGGAGGTTTTTTAAAGCAA
GTAAAACCTCTACAAATGTGGTATGGCTGATTATGATCTAGAGTCGCGGCCCCTA
CAGGAACAGGTGGTGGCGGCCCTCGGCGCGCTCGTACTGCTCCACGATGGTGT
AGTCCTCGTTGTGGGAGGTGATGTCCAGCTTGGAGTCCACGTAGTAGTAGCCGG
GCAGCTGCACGGGCTTCTTGGCCATGTAGATGGACTTGAACTCCACCAGGTAGT
GGCCGCCGTCCTTCAGCTTCANGGCCTTGTGGATCTCGCCCTTCAGCACGCCGT
CGCGGGGGGTACAGGCGCTCGGTGGACGCCTCCCAGCCCATAGTCTTCTTCTG
CATTANNNGGCCGTNNNNNGGAAGTTCACGCCGATGAACTTCACCCTTGNAGAT
GNNNNAGCCNGNCCCNGNNNGGAGNANTNCNGGGNCACGGNNNCNNNNNNNC
NNTNNNCNANNNNNNANNCAC
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J54; Sequencing primer: Nopp140-3’armDsRed-XhoI-R (“p”)
5’CAGCTGAGTGATCCTTCAGTTCTACCAGACCAAAAGCCCCAAAAAGATCCCAGCA
ATCAAGGCGACAG(227bpDELETION)GAAGAAGCACCCAAAAAAGCTGCTCCAGT
GAAGGCACCTCCGGCCAAGGCGGCTCCCGCGAAGAAGGTTGAGTCCAGCAGCG
AGGATAGCAGTTCCGAGGAGATCTTTACTAGTGCTCTTCTATAACTTCGTATAGC
ATACATTATACGAAGTTATACCGGTTAAGATACATTGATGAGTTTGGACAAACCAC
AACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCTATTGCTT
TATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAATTGCATTCATT
TTATGTTTCAGGTTCAGGGGGAGGTGTGGGAGGTTTTTTAAAGCAAGTAAAACCT
CTACAAATGTGGTATGGCTGATTATGATCTAGAGTCGCGGCCCCTACAGGAACA
GGTGGTGGCGGCCCTCGGCGCGCTCGTACTGCTCCACGATGGTGTAGTCCTCG
TTGTGGGAGGTGATGTCCAGCTTGGAGTCCACGTAGTAGTAGCCGGGCAGCTGC
ACGGGCTTCTTGGCCATGTAGATGGACTTGAACTCCACCAGGTAGTGGCCGCCG
TCCTTCAGCTTCAGGGCCTTGTGGATCTCGCCCTTCAGCACGCCGTCGCGGGGG
TACAGGCGCTCGGTGGACGCCTCCCAGCCCATAGTCTTCTTCTGCATTACGGGG
CCGTCGGAGGGGAAGTTCACGCCGATGAACTTCACCTTGTAGATGAAAGGAGCC
GTCCTGGAGGGAGGAGTCCTGGGTCACGGTCACCACGCCGCCGTCCTCGAAGT
TCATCACGCGCTCCACTTGAAGCCCTCGGGAAGACAGCTTCTTGTAGTCGGGGA
TGTCCGCCGGGTGCTCACGTACACCTTGAGCGTACTGACTGGGGGACAGATGTC
CAGCGAGGCAGGGCGCCTGTCACTTCAGCTGCGCTGTGCTCGTAAGCGCCTGC
TGCTCGATCTCGATCTGCGTTCACGA
J60; Sequencing primer: Nopp140-Exon 1-Forward (“a”)
5’NNNNNNNANTTTCAGTGCAGAGCGGCAGTGCAATATGTGCGGTTTGGATGCACC
CGAAACATGTGGTATCTGCGTCCTCCTGATCTAGAATCCGAGGGCCTTGCTGTC
CGCCGATGGCTCATCGAGCTGTCCACCTGCCACTTGCTGCAAGTGCCACGTGCT
TCGTCCAGATAACCAAGAATTTCTGCCTTTTTCTAACTTGCAGGCCAGTGTCGCC
AAAAGCAGCCCAAAGTTGAGTGAAATCCTTCAGTTCTACCAGACCAAAAGCCCCA
AAAAGATCCCAGCAATCAAGGCGACAGCCGGAGACTCCAGCGAAGACAGCGACT
CAGACTCTGAGTCTGATGCGGCGCCTAAGAAGCCAGCGACAGCTCCTGCACTAA
CAAACGGCAAGGCTGTCAAAAAGGCAGCTTCTTCAACCAGCGAGGACAGCGATT
CAGAGGAGGAGAAGAAGCCAGCAGCAAAGGCCACGCCGGCCAAGGCTGTCGG
CAAGAAGGCAAAATCCTCCAGCGAGGACAGTTCCTCGGAGGAAGAAGCACCCAA
AAAAGCTGCTCCAGTGAAGGCACCTCCGGCCAAGGCGGCTCCCGCGAAGAAGG
TTGAGTCCAGCAGCGAGGATAGCAGTTCCGAGGAGATCTTTACTAGTGCTCTTCT
ATAACTTCGTATAGCATACATTATACGAAGTTATACCGGTTAAGATACATTGATGA
GTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTT
GTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAAC
AACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGGAGGTTTTTT
AAAGCAAGTAAAACCTCTACAAATGTGGTATGGCTGATTATGATCTAGAGTCGCG
GCCCCTACAGGAACAGGTGGTGGCGGCCCTCGGCGCGCTCGTACTGCTCCACG
ATGGTGTAGTCCTCGTTGNGGGAGGTGATGGNN
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K13; Sequencing primer: Nopp140-Exon 1-Forward (“a”)
5’NNNGNNNNNANTTTCAGTGCAGAGCGGCAAGTGCAATATGTGCGGTTTGGATGC
ACCCGAAACATGTGGTATCTGCGTCCTCCTGATCTAGAATCCGAGGGCCTTGCT
GTCCGCCGATGGCTCATCGAGCTGTCCACCTGCCACTTGCTGCAAGTGCCACGT
GCTTCGTCCAGATAACCAAGAATTTCTGCCTTTTTCTAACTTGCAGGCCAGTGTC
GCCAAAAGCAGCCCAAAGTTGAGTGAAATCCTTCAGTTCTACCAGACCAAAAGCC
CCAAAAAGATCCCAGCAATCAAGGCGACAGCCGGAGACTCCAGCGAAGACAGC
GACTCAGACTCTGAGTCTGATGCGGCGCCTAAGAAGCCAGCGACAGCTCCTGCA
CTAACAAACGGCAAGGCTGTCAAAAAGGCAGCTTCTTCAACCAGCGAGGACAGC
GATTCAGAGGAGGAGAAGAAGCCAGCAGCAAAGGCCACGCCGGCCAAGGCTGT
CGGCAAGAAGGCAAAATCCTCCAGCGAGGACAGTTCCTCGGAGGAAGAAGCAC
CCAAAAAAGCTGCTCCAGTGAAGGCACCTCCGGCCAAGGCGGCTCCCGCGAAG
AAGGTTGAGTCCAGCAGCGAGGATAGCAGTTCCGAGGAGATCTTTACTAGTGCT
CTTCTATAACTTCGTATAGCATACATTATACGAAGTTATACCGGTTAAGATACATT
GATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGA
AATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAA
CAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGGTGTGGGAGGN
N
M6; Sequencing primer: Nopp140-Exon 1-Forward (“a”)
5’NNNNGNANTTTCAGTGCAGAGCGGCAGTGCAATATGTGCGGTTTGGATGC
ACCCGAAACATGTGGTATCTGCGTCCTCCTGATCTAGAATCCGAGGGCCTT
GCTGTCCGCCGATGGCTCATCGAGCTGTCCACCTGCCACTTGCTGCAAGT
GCCACGTGCTTCGTCCAGATAACCAAGAATTTCTGCCTTTTTCTAACTTGCA
GGCCAGTGTCGCCAAAAGCAGCCCAAAGTTGAGTGAAATCCTTCAGTTCTA
CCAGACCAAAAGCCCCAAAAAGATCCCAGCAATCAAGGCGACAGCCGGAG
ACTCCAGCGAAGACAGCGACTCAGACTCTGAGTCTGATGCGGCGCCTAAG
AAGCCAGCGACAGCTCCTGCACTAACAAACGGCAAGGCTGTCAAAAAGGC
AGCTTCTTCAACCAGCGAGGACAGCGATTCAGAGGAGGAGAAGAAGCCAG
CAGCAAAGGCCACGCCGGCCAAGGCTGTCGGCAAGAAGGCAAAATCCTCC
AGCGAGGACAGTTCCTCGGAGGAAGAAGCACCCAAAAAAGCTGCTCCAGT
GAAGGCACCTCCGGCCAAGGCGGCTCCCGCGAAGAAGGTTGAGTCCAGC
AGCGAGGATAGCAGTTCCGAGGAGATCTTTACTAGTGCTCTTCTATAACTT
CGTATAGCATACATTATACGAAGTTATACCGGTTAAGATACATTGATGAGTT
TGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATT
TGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAA
CAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGGA
GGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTATGGCTGATTATGAT
CTAGAGTCGCGGCCCCTACAGGAACAGGTGGTGGCGGCCCTCGGCGCGC
TCGTACTGCTCCACGATGGTGTAGTCCTCGTTGTGNNGTGATGTCCAGCTT
NNN
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M20; Sequencing primer: Nopp140-Exon 1-Forward (“a”)
5’NNNNNGNANTTTCAGTGCAGAGCGGCAGTGCAATATGTGCGGTTTGGATGCACC
CGAAACATGTGGTATCTGCGTCCTCCTGATCTAGAATCCGAGGGCCTTGCTGTC
CGCCGATGGCTCATCGAGCTGTCCACCTGCCACTTGCTGCAAGTGCCACGTGCT
TCGTCCAGATAACCAAGAATTTCTGCCTTTTTCTAACTTGCAGGCCAGTGTCGCC
AAAAGCAGCCCAAAGTTGAGTGAAATCCTTCAGTTCTACCAGACCAAAAGCCCCA
AAAAGATCCCAGCAATCAAGGCGACAGCCGGAGACTCCAGCGAAGACAGCGACT
CAGACTCTGAGTCTGATGCGGCGCCTAAGAAGCCAGCGACAGCTCCTGCACTAA
CAAACGGCAAGGCTGTCAAAAAGGCAGCTTCTTCAACCAGCGAGGACAGCGATT
CAGAGGAGGAGAAGAAGCCAGCAGCAAAGGCCACGCCGGCCAAGGCTGTCGG
CAAGAAGGCAAAATCCTCCAGCGAGGACAGTTCCTCGGAGGAAGAAGCACCCAA
AAAAGCTGCTCCAGTGAAGGCACCTCCGGCCAAGGCGGCTCCCGCGAAGAAGG
TTGAGTCCAGCAGCGAGGATAGCAGTTCCGAGGAGATCTTTACTAGTGCTCTTCT
ATAACTTCGTATAGCATACATTATACGAAGTTATACCGGTTAAGATACATTGATGA
GTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTT
GTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAAC
AACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGGAGGTTTTTT
AAAGCAAGTAAAACCTCTACAAATGTGGTATGGCTGATTATGATCTAGAGTCGCG
GCCCCTACAGGAACAGGTGGTGGGCNGGCCCTCGGCGCGCTCGTACTGCTCCA
CGATGGNGTAGTCCCTCGTTNGTGGGAGGTGANGTCCAGCTTGNANTCACGTAT
NNN
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APPENDIX C. SEQUENCES OF PRIMERS USED IN CHAPTER 2
Primer name
gRNA-target#52sense
gRNA-target#52antisense
gRNA-target#99sense
gRNA-target#99antisense
DsRed target-gRNA#2 sense
DsRed target-gRNA#2 antisense
DsRed target-gRNA#3 sense
DsRed target-gRNA#3 antisense
DsRedExpress2-Forward
DsRedExpress2-Reverse
Nopp140-Exon2-1556-Reverse
Nopp140-First intron-Forward (“b”)
Nopp140 Exon2 at 421-Reverse
(“Exon2-421”)
In pDsRed-attP near BglII site
(“pDsRed”)
ITS2-Forward
ITS2-Reverse
R2-Forward
R2-Reverse
Hsp26-Forward
Hsp26-Reverse
RpL32-Forward
RpL32-Reverse
Actin5C-Forward
Actin5C-Reverse
Nopp140-2nd exon-186-Forward
(“F186”)
Nopp140-Exon 1-Forward (“a”)
Nopp140-3’armDsRed-XhoI-R (“p”)

Sequence
5’ GTCGGGGCTTTGCCGGTTCTTCCT 3’
5’ AAACAGGAAGAACCGGCAAAGCCC 3’
5’ GTCGCAAGTTGGCTCCTGCTAAGA 3’
5’ AAACTCTTAGCAGGAGCCAACTTG 3’
5’ GTCGGCTGAAGGTGACCAAGGG 3’
5’ AAACCCCTTGGTCACCTTCAGC 3’
5’ GTCGGCTCCCACTTGAAGCCCT 3’
5’ AAACAGGGCTTCAAGTGGGAGC 3’
5’ GAGGACGTCATCAAGGAGTTCATGC 3’
5’ GTGTAGTTCTCGTTGTGGGAGGTGAT 3’
5’ TTCTCATTGCCATTGGTAGC 3’
5’ ATCTGCGTCCTCCTGATC 3’
5’ CTCGGAACTGCTATCCTCGCTG 3’
5’ GTATGCTATACGAAGTTATAGAAGAGC 3’
5’ TGGAGTACTATGGTTGAGGGTTG 3’
5’ CGAACCAACGAAGAATAATAACATAACC 3’
5’ ATGATGTGCGGAAGGGGAATTTTAC 3’
3’ TTTGCTGTGAGCTCAACCTCCTTTC 3’
5’ CCCCATCTACGAGCTTGGACTG 3’
5’ TGTAGCCATCGGGAACCTTGTAGC 3’
5' GTTGTGCACCAGGAACTTCTTGAATCCG 3'
5' CTTCCAGCTTCAAGATGACCATCCGC 3'
5’ CTCACCTATAGAAGACGAAGAAGTTGCTGCTCT 3’
5’ CTAACTGTTGAATCCTCGTAGGACTTCTCCAACG 3’
5’ CGGCAAGGCTGTCAAAAAGGCA 3’
5’ ACCTAGCCAAGGTTTTCCAG 3’
5’ GAGTCTCGAGGCCAGTGTCGCCAAAAGCAG 3’
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APPENDIX D. REPRESENTATIVE SEQUENCES FOR PCR PRODUCTS AMPLIFIED
WITH PRIMER PAIRS I, II, AND III
Primer pair I

Da-GAL4

5’ATGACAGACCTGCTAAAGATAGCCGATGCAATCGTCCTGGAGTACTTGCAGTCCAAGGACAAG
AACCTAGCCAAGGTTTTCCAGCAGAAGACGAAGGCGGTAAGTTTCAGTGCAGAGCGGCAAGT
GCAATATGTGCGGTTTGGATGCACCCGAAACATGTGGTATCTGCGTCCTCCTGATCTAGAATC
CGAGGGCCTTGCTGTCCGCCGATGGCTCATCGAGCTGTCCACCTGCCACTTGCTGCAAGTGC
CACGTGCTTCGTCCAGATAACCAAGAATTTCTGCCTTTTTCTAACTTGCAGGCCAGTGTCGCCA
AAAGCAGCCCAAAGTTGAGTGAAATCCTTCAGTTCTACCAGACCAAAAGCCCCAAAAAGATCC
CAGCAATCAAGGCGACAGCCGGAGACTCCAGCGAAGACAGCGACTCAGACTCTGAGTCTGAT
GCGGCGCCTAAGAAGCCAGCGGCAGCTCCTGCACTAACAAACGGCAAGGCTGTCAAAAAGG
CAGCTTCTTCAACCAGCGAGGACAGCGATTCAGAGGAGGAGAAGAAGCCAGCAGCAAAGGC
CACGCCGGCCAAGGCTGTCGGCAAGAAGGCAAAATCCTCCAGCGAGGACAGTTCCTCGGAG
GAAGAAGCACCCAAAAAAGCTGCTCCAGTGAAGGCACCTCCGGCCAAGGCGGCTCCCGCGA
AGAAGGTTGAGTCCAGCAGCGAGGATAGCAGTTCCGAGGAAGAACCGGCAAAGCCCGCCGT
CAAGGCCACAACGACTAAGGTTGCTCCCGCCAAGAAGGCCGACTCCAGCAGCGAAGAAAGCA
GCTCCGATGAGGAGACTAAGCCAGCTGCCAAGCCTGTAGCCAAGGCTGCACCGGCAAAGAAA
GCAGCATCCTCCAGCGAGGAAAGCGACTCCGATGACGAGCCAGCCGCCAAGAAGCCTGCCG
TCCAGCCTGCCGCAAAGCCAGCTCCTAAGGCAGCCGCTTCTAGTTCCGAAGACAGCAGCTCA
GAGGAGGAGGTCAAACCCGCTGCTAAATCTGCTGCCAAGTTGGCTCCTGCTAAGA

Primer pair II

w1118

5’AGGGGGCTTCCTCTAGTGATGATAGTTCCTCTGAGACGAGGCACCCAAAAAGGCAGCAACTCT
CGCAAAGCCCATTTCTAAGGCTGCTCCCACCAAAAAGGCCGACAGTTCCACTGAGGATAGTTC
TTCGGAAGACGATGCTCCTAAGAAGGTAGCTCCAGCAAAGGCTACGCCAGCTAAGGCAATTC
CTGCCAAGAAGGCAGCTTCCAGCGATGACAGCTCCTCGGAGGAAGAGGCGCCCAAGAAGGC
AGCTCCAGCAAAGGCCACGCCAGCTAAGGCACCTCCTGCCAAGAAGGCAGCTTCCAGCGATG
ACAGCTCCTCGGAAGAAGAGGCGCCCAAGAAGGCTGCCGCCCCAGCAAAGGCGACACCGGC
CAAAAAGGCCAAGTCTTCAAGCGAAGACAGCGACTCCTATGAGGAGGAAGCTCCCAAGAAAC
CAGCCGCGAAGGCCGTTGCAAAGGCTGCTTCTTCGGAAGATAGCGATAGCTCAGAAGACGAA
AAGCCAGCAAAGGCTGCTCCCAAGGCTCTGGCCAAGTCTGCAAAGGCTGCCTCCTCAGACAG
TGACGATTCCAGCGATGAAGAAACGCCGGCAGTGAAGCCAGCTGTCAAGAAGACTGCTGCTC
CTGCGAAGAAGGCTGACAGCAGCAGCGACGAGAGTGACTCTGGTGAAGAGTCCGGCGAGGT
CAAGCCCAACTCAGCTACCAATGGCAATGAGAAGACCGCTCAGAAGCGCAAGTTTAGTGGTG
GCGACCAGGACGAGGCCACTCCCAACAAGAAGTACAACAACTTCTGTCAAATCGGGAGAGCA
ACAGGTAAGGCGGTGTAACTTATCTATGTACATCTAAAATTATCCGCAGTCCGCTTATGCATGT
T

Primer pair II

Da-GAL4

5’AGGGGGCTTCCTCTAGTGATGATAGTTCCTCTGAGACGAGGCACCCAAAAAGGCAGCAACTCT
CGCAAAGCCCATTTCTAAGGCTGCTCCCACCAAAAAGGCCGACAGTTCCACTGAGGATAGTTC
TTCGGAAGACGATGCTCCTAAGAAGGTAGCTCCAGCAAAGGCTACGCCAGCTAAGGCAATTC
CTGCCAAGAAGGCAGCTTCCAGCGATGACAGCTCCTCGGAGGAAGAGGCGCCCAAGAAGGC
AGCTCCAGCAAAGGCCACGCCAGCTAAGGCACCTCCTGCCAAGAAGGCAGCTTCCAGCGATG
ACAGCTCCTCGGAAGAAGAGGCGCCCAAGAAGGCAGCTCCAGCAAAGGCCACGCCAGCTAA
GGCAACTCCTGCCAAGAAGGCAGCTTCCAGCGATGACAGCTCCTCGGAAGAAGAGGCGCCC
AAGAAGGCTGCCGCCCCAGCAAAGGCGACACCGGCCAAAAAGGCCAAGTCTTCAAGCGAAG
ACAGCGACTCCGATGAGGAGGAAGCTCCCAAGAAACCAGCCGCGAAGGCCGTTGCAAAGGC
TGCTTCTTCGGAAGATAGCGATAGCTCAGAAGACGAAAAGCCAGCAAAGGCTGCTCCCAAGG
CTCTGGCCAAGTCTGCAAAGGCTGCCTCCTCAGACAGTGACGATTCCAGCGATGAAGAAACG
CCGGCAGTGAAGCCAGCTGTCAAGAAGACTGCTGCTCCTGCGAAGAAGGCTGACAGCAGCA
GCGACGAGAGTGACTCTGGTGAAGAGTCCGGCGAGGTCAAGCCCAACTCAGCTACCAATGG
CAATGAGAAGACCGCTCAGAAGCGCAAGTTTAGTGGTGGCGACCAGGACGAGGCCACTCCCA
ACAAGAAGTACAACAACTTCGTCAAATCGGGAGAGCAACAGGTAAGGCGGCGGTGTAACTTAT
CTATGTACATCTAAAATTATCCGCAGTCCGCTTATGCATGTT
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Primer pair III

Da-GAL4

5’CATCTAAAATTATCCGCAGTCCGCTTATGCATGTTTTCCTTCAGACATCAATTTTGAATGTCGGATAAAA
ATAATTCCTGAGTTAAAGGATTCCCTTAAAAGTAGCTTTTTAAAGCCCTATTGAAATTTGTAGCC
GAACTTTAAACAGCACATAATTTTGGCTCCTTGTCCGATTCCTGTGCAGACAGTTTTACATAAC
TTCATTGCCATTCGCAGAAGAATGACTTCACCTCCACACCTAACAACACCTTCAGCCGAAACC
ATAATATGAACAATAGCGGAGGGGGAAGTGGGCGACGGTCGCCCTTCCGAAGGGTACGCAC
CGAGGACGTGGTGGTGGACTCCCGAGTCCAGGACATGTCCTTCGAGGCGAAGGTAAGTGCC
GCAATGGATTTGAGTCGCGTGGGTGTGTGTGTTTGCGACGGCTGTTGAGGATTAGGCGAGGG
GGATCTTTCTACGAGGCTGAAAGGGGCAGACACACAAATTAGCAAGTTGCGCCTCGAAGAAT
CTCAAACCACTTGTGGCACTTTCCCAATACATTTTGAACTTATATATCAAATCAAATCGTTGCTA
ATTTGTGGTTTGCCCCTTTCGGCGTTTCTACCATTTCAGGAAAACGACTTTAAGAAGCACAACA
ACGGACGGGGAGGCCGAGGAGGCTCAGGCTTCTCCGGACGACCGGATCGCAGCACTTGGG
AGACCAACAAGTTCAACGGCGAGGGCGGCGGTGATGGAGGCGGCTTCAAGAAGATTGGCGA
TCGCAAGAGCTTTGGAGGCTTTGATAACAACCAGCGCGGAGGACGTGGTGGTGGCGGTCGT
GGAGGCGGCGGAGGCTTCGGTGGTCGTGGCGGTGGCGGCCGTGGCGGCGGTGGTGGTTTC
GGAGGACGTGGTGGCGGCGGACGCGGAGGCGGCGGCTTTGGAGGACGCGGGGGCCGCGG
TGGAGGCGGACGTGGAGGCGGATTCGGCAACAAATCCTTCGACTCGTCGGCGCCAAAGCAA
AACAAGAAGATCACCTTCGACAATTAGAAATAGTTAGTTAGCGCCACCCACCCGCAAGCACAC
ACACACACACTAGATGCAGTTATATTATCGGATTAACCCAATTTTATTATTTGCTCACCACGATA
GAAAAACGCTGCCGGATCCTGGGGCGAGCGAGCCAACAAGGATCTGAAGCACACGCGCGGC
AAGTCCTTCAAACACGAGAAGACCAAGAAGAAGCGCGGCAGCTACCGAGGTGGCCAAATTGA
CGTAGGAGTCAATTCAATAAAATTT

Representative sequences for PCR products amplified with primer pair I from Da-GAL4 (identical to all
other fly lines tested: w1118, Oregon-R-C, Canton-S, TM3/ET50), primer pair II from w1118 (contains repeat
pattern P’ with repeats 1 and 2) and Da-GAL4 (contains repeat pattern P’ with repeats 1, 2 and 3), and
primer pair III from Da-GAL4 (similar to all other fly lines tested; mentioned above). The Nopp140 genomic
sequences around the primer annealing regions that were not included in the sequencing output are also
provided (shaded grey). Any primer sequences that are not part of Nopp140 gene are excluded.

237

APPENDIX E. SEQUENCES OF PRIMERS USED IN CHAPTER 3
Primer
pairs

Elongation
times

I

Annealing
temperatures
(oC)
61.0

II

61.0

1 min

III

61.0

1 min

IV

57.0

1 min 30 sec

V

68.0

25 sec

Intronic

57.0

1 min 45 sec

1 min

Sequences
Forward- 5’ ATGACAGACCTGCTAAAGATAGCC
Reverse- 5’ AAACTCTTAGCAGGAGCCAACTTG
Forward- 5’ GTCGCAAGTTGGCTCCTGCTAAGA
Reverse- 5’ AACATGCATAAGCGGACTGCGG
Forward- 5’ CATCTAAAATTATCCGCAGTCCGC
Reverse- 5’ CTAGTCAAATTTTATTGAATTGACTCCTACG
Forward- 5’ CGGCAAGGCTGTCAAAAAGGCA
Reverse- 5’ TTCTCATTGCCATTGGTAGC
Forward- 5’ GTCGCAAGTTGGCTCCTGCTAAGA (same as IIForward primer)
Reverse- 5’ GGTGGAATTCGTCTTCGCTTGAAGACTTGGCCT
Forward- 5’ ATCTGCGTCCTCCTGATC
Reverse- 5’ AACATGCATAAGCGGACTGCGG (same as IIReverse primer)
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APPENDIX F. NO APOPTOSIS DETECTED IN NOPP140-/- LARVAL BRAIN

A) Positive and negative controls for the TUNEL assay in wild-type third instar larva
brains. B) A third instar wild-type larval brain and a Nopp140-/- larval brain at day 6-8
ALH after the TUNEL assays showed no signal. C) Anti-cleaved caspase 3 (Cell
signaling 9661S Rabbit anti-Cleaved caspase 3 at 1:200) immunostained larval brains
at day 2 ALH also showed no detectable signal.

239

APPENDIX G. AUTOPHAGIC VESICLES LABELED WITH MCHERRY-ATG8A
PRESENT IN THE NOPP140-/- LARVAL BRAIN

Cross scheme used to obtain the Nopp140-/- larvae expressing mCherry-ATG8a under
worniu promoter is provided. ATG8a is crucial for the formation, size, and number of
autophagosomes, and it is routinely used as a marker for autophage in Drosophila. At
day 1-3 ALH, mCherry-ATG8a was detected in the Nopp140-/- larval brains, but not in
the wild-type (w1118). mCherry-ATG8a was also detected in the older Nopp140-/- larval
brains (at day 7+ ALH), as well as in the wild-type third instar larval brains. As positive
controls, older wild-type and Nopp140-/- larvae were transferred to an agar plate (2%
agar, 0.5% sucrose) without any yeast paste and starved of amino acids for 6 hrs. This
resulted in accumulation of high levels of mCherry-ATG8a signal indicating the
presence of starvation induced autophagy.
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APPENDIX H. ULTRASTRUCTURE OF WILD-TYPE AND NOPP140-/- LARVAL
TISSUE

TEM image of wild-type (A) larval central brain (CB) shows abundant electron-dense
cytoplasmic ribosomes. The Nopp140-/- larval central brain (B) also has cytoplasmic
ribosomes. This is different from its gut tissue (C) in which the cytoplasm is devoid of
ribosomes, but contains putative P bodies of about 40 nm diameter. Co-relative
microscopy is needed to verify the ribosome-rich cell in panel B as a part of the
Mushroom Body.
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APPENDIX I. VARIABLE PROTEIN SYNTHESIS LEVELS IN NOPP140-/- WHOLE
LARVAL BRAINS

A) Click-iT HPG labeling (30 min pulse of 50 µM HPG) of wild-type (w1118) and
Nopp140-/- larval brains at day 1 ALH shows cytoplasmic HPG signals in the wild-type
brains along with Deadpan-positive MB NBs. Two Nopp140-/- brains are shown, one
with low HPG signal and weak Deadpan-positive MB NBs, and the other with high HPG
signal and strong Deadpan-positive MB NBs. B) HPG labeling assays were carried out
in larval brains of different age groups. The signal intensities were categorized in whole
brains with high, medium, or low HPG signal. All confocal images were taken under
same laser and gain settings, and the intensities of the HPG signal were manually
categorized into the three classes.
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APPENDIX J. DIVIDING (EDU-POSITIVE) CELLS IN THE NOPP140-/- LARVAL
BRAINS HAVE HIGHER CYTOPLASMIC RIBOSOME CONTENT COMPARED TO
SURROUNDING CELLS

TEM of wild-type (w1118) and Nopp140-/- larval brains at day 2-3 ALH after immunogoldlabeling with anti-BrdU. The gold clusters are found within the EdU-labeled nuclei.
Some non-specific gold labeling is present.
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